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INTRODUCTION 

Tha  basic  objective  of  this  work  is  to  help  solve  corrosion  probleas 
on  aircraft  with  the  application  of  electrochemical  techniques.  Specific 
objectives  Include  the  determination  of  the  aass  transport  properties, 
•echanlsa  of  corrosion  Initiation,  and  Inhibitor  leaching  rate  of  various 
Navy  paints.  The  paints  received  froa  NADC  for  this  study  are  identified 
in  Table  1. 

The  prograa  has  been  divided  into  three  phases  or  tasks.  In  the  first 
phase  the  physical  and  transport  properties  of  the  paints  listed  In  Table  1 
were  to  be  deteralned.  The  transport  properties  Include  water  peraeabllity 
and  solubility,  Ionic  dlf fuslvltles  and  transference  nuabers,  and  other 
aass  transport  paraasters  required  by  the  aatheaatlcal  aodels.  The  first 
phase  proceeded  as  originally  conceived  and  Is  substantially  coaplete.  The 
second  phase  of  work  has  also  begun.  In  the  second  phase,  an  atteapt  Is 
being  asde  to  quantitatively  understand  aass  transport  in  paints  through 
the  use  of  aatheaatlcal  aodels.  Several  aatheaatlcal  aodels  have  been 
developed  and  tested.  It  Is  apparent  froa  this  analysis  that  a  wide 
range  of  aass  transport  behavior  Is  exhibited  by  paints  of  Interest  to  the 
Navy  and  that  the  transport  property  exhibiting  the  greatest  Influence  on 
corrosion  la  a  function  of  a  nuaber  of  physical  paraasters,  geoaetry,  and 
tlae.  The  third  phase  Is  correlation  of  the  aodel  results  with  field 
performance  of  paint  systeaa.  It  Is  contingent  upon  the  successful  completion 
of  phase  two. 


SUWMRY 

Phase  one  Is  now  substantially  coaplete;  the  aass  transport  properties 
have  been  deteralned.  Adhesion  tests  were  unsuccessful  and  have  been 
discontinued.  Phase  two  Is  currently  la  progress.  A  detailed  astheaatlcel 
aodel  of  the  transport  aechealsa  In  paints  wss  developed  end  tested.  The 
results  shotted  even  aore  coaplex  transport  behavior  then  was  originally 
envisaged. 


4 


NADC-84 107-60 


TABU  1 

Feints  with  Physical  Fropsrtiss 
Clvsn  in  this  As port 


rrc 

HI  1  Spec.  Binder  Color  Designation 

Code 


Faints  delivered  by  NADC 

H1L-C-8 3286  B 
MIL-C-83286 
H1L-P-23377  D 
MIL-C-8305* 

MIl-P-85658 


polyurethane  gray,  flat  FF-PUR 

polyurethane  white,  glossy  CP-FUR 

epoxy  polyaald  yellow  YP-Epoxy 

silicone  alkyd  clear  WD  2 

silicone  alkyd  (a)  white  UDPT 


Reference  paints  from  prior 
KIL-C-83286 
MlL-C-81773  B  A/S 


contract  work  (b) 
polyurethane  (c)  clear 
polyurethane  (d)  clear 


O-FUR 

R-PUR 


(a)  Sane  binder  as  WD  2  but  with  added  plgaent. 

(b)  See  lef .  A. 

(c)  Desoto,  Inc.,  Chcalcal  Coatings  Dlv.,  Berkeley,  CA  (Meets  Boeing 
Materials  Specification  IMS-10-60D-TYII) . 

(d)  Fonaulated  at  ETC  (Ref.  6). 
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A  second  MCh«Ht leal  aodvl  he*  bom  developed  booed  on  the  original 
aodel  oad  experiaentel  results.  Certoln  oopecto  of  the  coaplex  moo  transport 
behovlor  of  paint*  hove  been  olapllfied  in  thlo  Model .  The  effecto  of  the 
eluMlnuM  oxide  on  the  oIumIoum  substrate  hove  bem  included  in  the  expreeoiono 
for  the  electrocheMlcol  reoction  kinetic*.  The  kinetic  expreeolons  ore  olao 
eltapll f led  aodelo  of  reel  behavior.  Although  thlo  Model  incorporate*  Many 
alapll fleet  ion*,  it  1*  anticipated  that  the  aeoentlol  characteristics  of  the 
corroelon  Mchonion  hove  been  retained.  If  the  Model  con  be  confined  by 
correlation  with  corrosion  toot*  it  con  be  uoed  to  proscribe  the  choracteriatlc* 
of  the  coating  *y*t*M  which  determine  it*  corrosion  performance.  It  1* 
antlcipoted  that  the  relative  lnportonce  of  vorlou*  transport  properties  will 
depend  on  the  geoaetry  end  other  physical  properties  of  the  corrosion  cell. 

Once  the  physical  properties  hove  been  specified  and  the  relative  lnportonce  of 
the  transport  properties  assessed,  the  relative  Mrlto  of  various  coating 
systeM  will  be  evaluated. 

The  development  of  the  no  the  ant leal  nodal  partially  completes  task  two 
of  the  work  statement.  The  transport  of  Mobile  species  in  the  paint  has  bean 
Modeled  and  a  computer  progran  is  available;  however,  it  has  bean  determined 
that  the  nodal  Must  Include  surface  reaction  kinetics  as  well  in  order  to 
accurately  dascrlbe  the  corrosion  process.  ExperiMnts  have  not  been  conducted 
to  determine  the  kinetic  paroMters.  The  MtbeMtlcal  nodal  has  not  yet  been 
correlated  with  corrosion  axperlamts;  this  work  constitutes  task  three  of 
the  work  stoteaent. 


EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Hlttorf  Experiments 

Hlttorf  axperlamts  were  performed  to  determine  the  transport  properties 
of  ions  and  water  in  paint  films.  The  film  were  prepared  by  spray  painting 
sheets  of  decal  paper.  When  the  paint  had  dried,  the  paint  fllM  could  easily 
be  removed  from  the  decal  paper  by  soaking  in  water.  Detached  paint  (11m 
prepared  In  this  manner  have  been  termed  "free  films.” 

Hlttorf  axperlamts  were  conducted  in  eodlua  chloride  solution  to 

determine  permeability  coefficients  and  transference  numbers  of  eodlua  end 

22 

chloride  ions  end  water  through  free  film  of  point.  Radiotracers  (  He  or 
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^6C1)  v«r«  ised  to  determine  the  flux  of  the  appropriate  ion  acroaa  paint 
aeafcranes.  Tritium  (^H)  was  used  to  trace  the  water  flux.  The  baaic 
Hlttorf  experiaent  conaiata  of  measuring  the  fluxea  of  the  aobil  apeciea 
which  paaa  through  the  paint  fila  froa  one  aqueous  aolution  to  another. 

The  two  aqueous  aolution*  were  identical  except  that  one  contained  radiotracers. 
Figure*  1  and  2  ahow  how  the  radiotracer  activity  in  the  aolution  originally 
devoid  of  tracers  (top  solution)  changed  with  tlae.  In  this  experiaent 
two  different  applied  voltages  ware  tested.  Figure  3  shows  a  linear  relation¬ 
ship  between  the  sodlua  and  the  total  charge  paased  through  the  aeabrane, 
despite  the  fact  that  the  current  denalty  varied  aore  than  a  factor  of 
two  over  the  course  of  the  experiaent. 

Hlttorf  experlaenta  were  conducted  with  all  paints  listed  in  Table  1. 
Atteapts  were  aade  to  coaplete  experlaenta  with  WD-2  in  1.0  N  NaCl  aolution. 
but  these  atteapts  repeatedly  failed  because  of  the  physical  properties  of 
this  coating.  All  Hlttorf  results  are  presented  In  Appendix  A  and  a  suaaary 
is  presented  In  Table  2.  (Corrections  were  aade  to  sow*  of  the  data  previously 
given  In  quarterly  reports.) 

The  Hlttorf  results  show  considerable  variability  In  aany  of  the 
transport  properties.  The  conductivity  and  Ionic  peraeablllty  coefficients 
show  order  of  aagnitud*  variations  between  speclaens  as  well  as  large 
changes  with  tlae.  The  source  of  these  variations  has  not  been  deteraloed, 
but  If  the  classic  theory  Is  adopted  they  auat  represent  changes  In  either 
the  ion  solubility  or  diffusion  coefficient.  The  relationship  between 
peraeablllty  coefficient,  diffusion  coefficient,  and  diaenslonless  solubility  Is 

F  •  OS  (1) 

The  data  obtained  here  were  Inaufflclent  to  deteralne  If  the  changes  In 
penseabllity  resulted  prlaarlly  froa  variations  in  either  the  diffusion 
coefficient  or  the  solubility. 

Table  2  shows  the  arithmetic  average  transference  nuabers  and  the 
geoaatrlc  average  conductivities  obtained  in  Hlttorf  sxperlasnts.  On* 
interesting  result  illustrated  in  Table  2  is  that  tha  transference  numbers 
of  sodlua  and  chloride  ions  do  not  sua  to  unity.  It  is  generally  assumed 
that  coatings  laaarsad  la  aqueous  sodlua  chloride  solution  will  transfer 
charge  by  lealc  algrstloa  of  sodlua  sad  chloride  ions.  Clearly  this  assumption 
is  not  accurate  for  aany  paints.  The  standard  deviation  of  transference 
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IN  THE  TOP  CHAMBER  (wCt/rt.) 
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Flf.  1.  Tritlua  activity  la  tha  top  coapartaaat  of  a  Hittorf  axparlaant 

conducts  with  CP-PU*.  0  •  axparlaantal  points.  — -  •  tha  thaoratlcal 
'■activity  for  a  conatant  paraaablllty  coafflclaat  (P  •  7.14  a  10"i0 


Fl|.  2.  Radioactive  — 41w?2  activity  la  the  top  coapartaeot  of  a  » 
aaparlaaot  with  CP- PUR.  0  •  experlaeatal  potato.  The  e«m 
atralfbt  lino  aa  pataca  through  tha  data  obtalnad  at  coaataat 
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Table  2 

Average  Transference  Numbers  of  Sodium  end  Chloride 
In  Paints  In  Aqueous  Solution  at  25®C 


NaCI 

Ave rage 

Transference 

Number 

Average  dc 

Paint 

Cone . 

<N> 

t. 

'♦ 

t_*t+ 

Conductivity 
_ (8/ cm) _ 

O-Pl'R 

0.1 

0.31 

0.41 

0.72 

f-4 

1 

o 

K 

H 

4 

N-PL'R 

0.1 

0.20 

0.42 

0.62 

4.  *  10' 10 

FP-PCR 

0.1 

0.12 

0.48 

0.60 

1.9  x  10“9 

1.0 

0.20 

0.29 

0.49 

1.2  x  10~8 

CP- PUR 

0.1 

0-13 

0.54 

0.67 

6-x  10'12 

Y P- Epoxy 

0. 1 

o 

o 

0.14 

0.54 

2.8  x  10"7 

1.0 

0.59 

0.28 

0.87 

2.1  x  lO-6 

WDPT 

0.1 

0.11 

0.56 

0.67 

1.x  10~7 

1.0 

0.38 

0.  44 

0.82 

3.0  x  10~® 

WD-2 

0.1 

0.63 

0.33 

0.99 

5.x  10~8 
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numbers  obtained  In  duplicate  experiment a  la  about  0.1  and  It  may  be 
assumed  that  the  error  In  the  sum  la  about  0.2.  Seven  of  ten  entrlee  In 
Table  2  therefore  show  that  a  significant  portion  of  the  current  Is  not 
.carried  by  sod lua  and  chloride.  In  another  atudy  a  larger  nut.  er  of  experi¬ 
ments  were  performed  with  0-FUR.  Statistical  analysis  of  those  data  showed 
that  the  sum  of  the  tranaferencc  numbers  for  sodium  and  chloride  Is 
slgnif lcantly  less  than  unity.  This  finding  was  confirmed  here  for  six  of 
the  seven  paints  tested  In  0.1  K  NaCl  solution  (Table  2),  but  for  only 
one  of  three  paints  tested  In  1.0  N  JtaCl  solution. 

The  fact  that  sodium  and  chloride  do  not  carry  100!  of  the  current 
raises  the  question  of  which  species  carry  the  remainder.  This  question 
has  been  addressed  In  previous  reports  but  has  not  yet  been  resolved. 

VP- Epoxy  presents  a  special  case.  This  primer  contains  a  soluble  Inorganic 
Inhibitor,  SrCrO^.  Strontium  chromate  compoees  about  52!  of  the  coating 
mass  (1)  and  has  a  solubility  In  wster  of  about  4  x  10  *  m.  It  Is  therefore 
expected  that  Sr*2  and  CrO*  Ions  carry  soma  current,  and  that  the  fraction 
of  current  carried  by  these  Ions  Increases  as  the  sodium  chloride  concentration 
decreases.  This  type  of  behavior  is  observed,  as  shown  In  Table  2.  It  la 
possible  that  pigments  In  other  paints  provide  s  source  of  Ions,  but  more 
study  will  be  required  to  clarify  this  point. 

Another  possible  source  of  Ions  Is  the  production  of  hydrogen  and 
hydroxyl  Ions  In  the  paints  by  water  splitting.  Such  a  process  Is  known  to 
occur  In  dilute  boundary  layers  near  membranes  and  electrodes  (2).  Since 
the  solubility  of  sodium  chloride  In  paints  Is  low,  paints  immersed  In 
aqueous  electrolyte  can  be  conaldered  as  dilute  solutions  In  which  water 
splitting  takes  place.  Another  possibility  Is  simply  that  hydrogen  or 
hydroxyl  Ions  have  a  much  higher  solubility  In  paints  than  do  sodium  and 
chloride.  The  Ion  solubility  experiments  discussed  later  in  this  report 
tend  to  support  this  hypothesis. 

If  hydrogen  and  hydroxyl  ions  do  csrry  port  of  the  current  then  the  pH 
of  both  solutions  adjacent  to  the  membrane  should  change  in  Blttorf  experiments. 
Changes  In  pH  have  been  observed,  but  no  trends  have  beeo  noted,  as  would  be 
expected  If  water  splitting  occurred.  Most  of  the  Hlttorf  experiments  require 
several  weeks  to  complete,  and  the  expected  pH  changes  are  smell  so  that  some 
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secondary  process  may  b*  masking  the  effects  of  water  splitting.  It  is 
therefore  not  yet  possible  to  Identify  the  ions  other  then  sodlua  end  chloride 
which  carry  current  in  these  paints. 


Table  3  presents  a  suaamry  of  the  average  transport  properties  of 
seven  paints.  The  tabulated  concentrations  of  chloride  and  sodlua  In  the 
paints  are  the  results  of  Ion  solubility  experlaents  discussed  In  a  later 
section.  The  permeability  coefficients  which  sre  tabulated  are  the 
geoaetric  aeens  of  normalised  permeability  coefficients.  The  normalisation 
was  performed  to  reduce  tlae  dependent  scatter  in  the  data.  It  was  observed 
that  the  conductivity  of  paint  aeabranes  varied  with  tlae  In  the  course  of 
a  single  Hlttorf  experiment,  and  that  the  ionic  permeability  coefficlenta 
also  changed  In  a  corresponding  asnner.  This  type  of  behavior  would  be 
expected  If  the  coating  had  been  tested  In  several  solutions  with  different 
aodlua  chloride  concentrations,  but  It  was  not  expected  In  Individual  Hlttorf 
experlaents.  It  was  therefore  decided  to  normalise  the  permeability 
coefficlenta  obtained,  not  only  In  single  experlaents  but  also  for  different 
experlaents.  The  normalisation  factor  was  based  on  coating  conductivity 
according  to  the  equation 


P  k 

_  e  e 

P  .  - - 

n  k. 

Ave 

P  ■  the  normalised  permeability 


(2) 


P#  ■  the  experlaental  permeability 
k#  ■  the  experlaental  conductivity 
kAv>  •  the  geoaetric  aean  conductivity. 

Each  apparent  dlffuslvity  listed  In  Table  3  was  calculated  froa  the  corres- 
ponding  permeability  coefficient  and  solubility  according  to  Eq.  1. 


The  flux  of  a  species  through  a  aeabrane  can  be  written 


AC 

f  »  „p _ L  -  f  Z  At 

ri  ri  i  ri'*i  i 


(3) 


V 


A *  •  che  change  In  dlaenslonlese  potential  across  the  aeabrane  •  as 


Ct  •  (1/Ap) J  Ct?sdx  (4) 

L  •  aeabraae  thickness 

Cj  •  concentration  la  the  sqeuous  electrolyte  la  equilibrium 
with  the  membrane. 


IS 


Average  Transport  Properties  of  Iom  in  Palnta 
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Eq  oat  Ion  3  la  baaed  on  t wo  aaaumptlona:  tho  dlffualvlty  la  a  conatant,  and 
the  dlmenelonleee  concantratlon  la  a  conatant.  It  la  claar  from  Eq.  3 
that,  for  a  given  aat  of  clrcumetancee,  tha  flux  of  tha  aoblla  epee  lea 
•la  proportional  to  Ita  permeability  coafflclant. 

Tha  t 1m  raqulrad  to  roach  a  ataady  atato  condition  dapanda  on  tha 
dlffualvlty  not  tha  permeability .  Tha  tlaw  conatant  for  dlffualon  la 


In  practical  applicatlona  both  tha  tlaa  conatant  and  tho  ataady-atata  flux 
ara  Important.  Tabla  *  above  how  tha  alx  palnta  atudlad  hara  rank  with 
raapact  to  both  tha  permeability  coafflclant  and  dlffualvlty.  Tha  palnta 
ara  rankad  In  ordar  from  1  to  6  with  1  balng  tha  minimum  valua  of  paraaablllty 
or  dlffualvlty  and  6  balng  tha  aailua  valua.  According  to  thaaa  roaulta 
CP- PUR  ahould  provide  tha  baat  protactlon  both  in  taraa  of  tlaa  raqulrad  for 
Iona  to  panatrata  through  tha  coating  to  tha  natal  aurfaca  and  In  taraa  of 
tha  aaxlnun  flux  of  Iona  which  can  flow.  If  tha  paraaablllty  and  dlffualvlty 
ara  of  aqual  lnportanca  In  a  glvan  application  than  tha  palnta  can  ba  acorad 
by  aumnlng  tha  four  antrlaa  In  Table  A.  Tha  raaulta  of  thia  procedure  are 
ahown  In  Table  i.  Thia  procedure  llluatrataa  one  way  tha  axparlnantal  data 
can  ba  uaad  to  rata  coating  performance,  but  to  ba  of  practical  valua  an 
appropriate  weighting  factor  nuat  ba  applied  to  each  parameter  (dlffualvlty 
or  paraaablllty) .  Tha  weighting  factor  will  dtacribe  tha  relative  lnportanca 
of  each  parameter  In  tha  particular  environment  In  which  tha  paint  will  ba 
uaad.  For  example,  tha  dlffualvlty  la  of  little  importance  If  tha  paint  waa 
applied  over  a  dirty  aurfaca  contaminated  with  aodlum  chloride.  Alao  tha 
raaulta  In  Tabla  S  apply  to  alngla-coat  ayatena,  and  would  therefore  not 
apply  to  two-coat  ayatena  each  ae  CF-FUR  over  YF- Epoxy .  Thaaa  raaulta 
do  however  ahow  tha  kind  of  ranking  procedure  which  could  ba  employed  once 
the  uae  and  phyaical  condl t lona  the  coating  will  ba  aubjected  to  have  bean 
epeclfled. 

SrCr04  Leaching  from  TF-Epoxy 

Leeching  experlmenta  ware  conducted  with  TF-Epoxy.  A  weighed  apeclnen 
of  paint  waa  placed  in  50  aL  of  well-atlrred  diatillad  water.  Periodically 
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Table  4 

Relative  Rankins  of  Sodium  Chloride  Transport 
in  Painte  Expoaed  to  0.1  N  NaCI  Solution  at  25*C 


Rank 

Permeability 

Dlf fuaivlty 

Cl 

Na 

Cl 

Na 

1 

CP- PUR 

CP- PUR 

CP-PUR 

CP-PUR 

-> 

4k 

O-PUR 

O-PUR 

O-PUR 

FP-PUR 

3 

N-PUR 

N-PUR 

FP-PUR 

O-PUR 

4 

FP-PUR 

FP-PUR 

WDPT 

WDPT 

5 

WDPT 

WDPT 

YP-Epoxy 

YP-Epoxy 

6 

YP-Epoxy 

YP-Epoxy 

N-PUR 

N-PUR 

Total 

Table  3 

Score  of  Palnta 

in  Table  4 

Llated 

Rank 

Paint 

Total 

1 

CP-PUR 

4 

2 

O-PUR 

9 

3 

FP-PUR 

13 

4 

N-PUR 

18 

5 

WDPT 

18 

6 

YP-Epoxy 

22 

16 
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300  «L  of  the  solution  were  withdrawn  and  a  200  bL  portion  of  this  sample 
wss  added  to  25  mL  of  distilled  water.  Than  the  electrical  conductivity  of 
the  resulting  mixture  wss  determined.  The  conductivity  obtained  In  this 
way  wss  subtracted  fron  the  conductivity  of  the  original  23  aL  of  distilled 
water  which  wss  determined  1 Mediately  prior  to  the  addition  of  the  200  uL 
seaple.  The  tlae  constant  for  diffusion  of  inhibitor  out  of  YP- Epoxy  wss 
about  1000  a.  Assuming  the  leaching  rate  Is  controlled  by  diffusion  In  the 
paint,  a  dlffusivlty  can  be  calculated  from  the  tlae  constant  and  the  paint 
thickness  (about  150  *a) .  The  dlffusivlty  calculated  In  thla  aanner  la 
9  x  10  cn‘/s).  This  coaparea  with  the  dlffusivlty  of  NaCl:  7  x  10  10 

ca*/a.  The  dlffusivlty  of  HaCl  was  estimated  from  permeability  coefficients 
obtained  In  Hlttorf  experlaenta  and  solubilities  obtained  by  using  radio¬ 
isotopes. 

Humidity  Chamber  Experiments 

Mater  Solubility 

A  crystal  oscillator  apparatus  wss  used  to  determine  the  solubility 
of  water  in  palnta.  A  detailed  description  of  apparatus  and  procedure  are 
given  in  Appendix  B.  Typical  results  are  shown  In  Fig.  4  as  mass  of  water 
absorbed  per  kilo  Pascal  of  water  pressure  versus  the  mass  of  paint  applied 
to  the  quartz  crystal.  The  slope  of  the  curve  represents  the  solubility 
of  water  In  GP-PUR.  The  solubility  of  wster  in  GP-PUR  exposed  to  partial 
pressure  of  water  of  3.52  kPa  at  31.b*C  waa  0.020  g-H^O/g-paint .  The  data 
in  Fig.  4  have  a  significant  negative  Intercept  which  may  indicate  some  type 
of  error  or  curvsture  In  the  oscillator's  frequency  response  ss  mass  Is 
added.  Another  possibility  la  that  the  solubility  of  water  is  a  function  of 
coating  thickness. 

The  solubility  of  wster  in  the  paints  examined  here  Is  summarised  in 
Table  0.  These  results  sre  based  on  the  elopes  of  the  least-squares  lines 
through  data  similar  to  that  shown  in  Pig.  4.  These  results  show  that  the 
solubility  is  relatively  constant  for  all  the  paints  tested.  TP- Epoxy 
exhibits  the  lowest  solubility  partially  because  of  the  large  volume 
fraction  of  dense  solids  snd  partially  because  epoxies  sorb  little  wster. 
GP-PUt  exhibits  the  greatest  water  solubility.  The  solubility  of  wster  in 
CP- PUR,  on  s  pigment-free  basis,  is  shout  2.4  times  that  of  uaplgmeated  N-Pim 
(3).  fines  the  pigments  sre  generally  inorganic  erystallina  nsterlals  with 
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Table  6 

Average  Transport  Propertiea  of  Water 
In  Paints  at  30*C 


Paint 

Solubility 
/  X 

Ml-paint)(Pa )/ 

Permeability 
Coefficient  x  10^ 
(ca2/s) 

Dlffualvlty  : 

(ca2/s) 

0*PUR 

5 .  6 

4.0 

15. 

N-PUR 

6.7 

3.6 

11. 

CP -PUR 

7.9 

3.6 

11. 

FP-PUR 

8.0 

10.9 

21. 

YP-Epoxy 

3.7 

2.0 

7.1 

WDPT 

4.0 

5.4 

19. 

WD2 

3.8 

1.0* 

3.5** 

*  Data  obtained  with  crystal  oscillator  apparatua 
*•  Calculated  froa  P  •  DS 
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low  solubility  In  water  It  Is  unlikely  that  a  significant  volume  of  watar 
la  incorporated  Into  th«  pigment  partlclas  themselves.  Than#  data  therefore 
lndlcata  that  tha  plgaant  lntaracts  with  tha  blndar  In  soaa  way  to  anhanca 
tha  solubility  of  watar.  Watar  has  baan  shown  to  concantrata  naar  soaa 
palnt-aatal  lntarfacas  (»-b).  Perhaps  a  alaiiar  phanoaanon  occurs  at  tha 
patnt-plgaant  lntarfaca.  In  any  casa  It  la  apparant  that  plgaants  hava  a 
great  affact  on  tha  solubility  and  tharaodynaalcs  of  watar  In  paints. 

Watar  Dlffuslvlty 

Analysis  of  tha  tlaa  translant  data  obtalnad  with  tha  crystal  oscillator 
apparatus  provldss  dlf fuslvltlas  of  watar  in  tha  paints.  Avaraga  dlf fuslvlt las 
of  watar  In  flva  dlffarant  paints  ara  shown  In  Tabla  7.  Mora  datallad 
rasults  ara  prasantad  In  Appendix  B.  Dlf fuslvltlas  obtalnad  with  tha  crystal 
oscillator  apparatus  ara  also  shown  In  Figs.  5-7.  Thasa  rasults  show  that 
the  dlffuslvlty  Is  In  ganaral  a  function  of  watar  concentration,  or  watar 
activity  In  tha  paint.  Tha  dlffuslvlty  of  watar  In  tha  thraa  paints 
Illustrated  hara  tends  to  decrease  as  tha  activity  of  water  Increases. 

This  same  trend  was  found  previously  for  unplgaantad  polyurethane  coatings, 
N-Pl’R  and  O-PUR,  but  tha  affact  was  Mora  pronounced  In  tha  unplgaantad 
materials  («).  Tha  affact  of  coating  thickness  was  also  greater  with 
unplgaantad  paints.  Both  O-PUR  and  K-PUR  show  a  significant  Increase  In 
apparant  dlffuslvlty  with  Increasing  thickness  whan  tha  coatings  ara  thinner 
than  about  10  ga.  Tha  dlf fuslvltlas  obtalnad  with  thick  aeabranes  In  Hlttorf 
experiments  did  not  depend  on  thickness.  Tha  average  dlffuslvlty  obtalnad 
from  Hlttorf  experiments  Is  also  shown  In  Figs.  5-7.  Thasa  values  ware 
obtalnad  by  dividing  tha  permeability  coefficients  obtained  in  Hlttorf 
experiments  by  tha  dimensionless  solubility  obtalnad  with  tha  crystal 
oscillator.  Tha  Hlttorf  dlf fuslvltlas  ara  generally  greater  than  those 
obtained  with  tha  crystal  oscillator.  This  result  was  assumed  to  be  due  to 
tha  fact  that  thicker  membranes  ware  used  In  Hlttorf  experiments,  but  it  may 
also  be  related  to  differences  In  experimental  conditions  or  membrane  history. 

The  date  obtained  with  the  humidity-chamber  apparatus  suggest  a  number 
of  general last ions.  Tha  absorption  isotherms  of  individual  paint  specimens 
are  adequately  represented  by  Henry's  law.  Borne  curvature  of  the  isotherms 
may  be  present,  but  the  error  introduced  by  the  Henry's  law  approximation  is 
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Table  7 

Average  Dlf fualvlty  of  Water  In  Painta  at  30#C 
Expoaed  to  a  Partial  Preaaure  of  Water  Equal  to  3.5  kfa 

Paint  0 

(cm2/a) 

FP-PUR 
CP-PUR 
YP- Epoxy 
O-PL'R 
N-PUR 


3  x  10 


-9 


1  x  10 
5  x  10' 
1  x  10 
8  x  10 


10 

-9* 

-10** 


*  Sample  thlckneaa  approx.  2  ,■ 
**  Sample  thlckneaa  approx.  4  jtn 


(c*  /s) 


tr 
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smaller  than  other  uncertainties  inherent  in  these  experiments.  In  general 
the  solubility  data  are  sore  reproducible  than  the  diffualvity  results. 

The  average  solubility  depends  on  the  coating  thickness.  This  affect  can 
be  interpreted  as  either  a  variation  in  solubility  with  position  In  the 
coating,  or  as  a  result  of  two  different  phases  absorbing  different  quanti¬ 
ties  of  water  (4).  in  addition  to  the  effect  of  thlcknees,  the  solubility 
also  depends  on  temperature.  The  diffualvity  is  a  function  of  temperature, 
water  concentration,  and  coating  thickness. 

These  results  explicitly  show  the  complex  nature  of  diffusion  and 
sorption  in  paints.  It  is  expected  that  other  solutes  will  exhibit  similar, 
equally  complex  behavior,  but  some  simplification  is  possible  if  it  can  be 
assumed  that  the  temperature  and  water  concentration  are  constant.  This 
Is  a  reasonable  assumption  for  Isothermal  exposure  to  an  electrolyte  of 
fixed  concentration,  as  in  a  standard  salt  spray  test.  Table  6  shows  typical 
values  of  the  transport  parameters  for  water  in  paints.  It  is  Interesting 
that  the  three  different  parameters  each  fall  in  relatively  narrow  bands. 
Presusubly  this  result  is  a  consequence  of  the  function  these  paints  have 
been  formulated  to  perform. 

The  results  shown  in  Table  6  are  representative  of  what  one  slight  find 

in  a  salt  spray  test.  Under  these  conditions  water  quickly  penetrates 

the  coating  and  is  present  at  unit  activity  near  the  paint-metal  Interface 

in  a  few  minutes.  The  tisw  constants  for  diffusion  of  water  cover  the  range, 

2 

20  a  *  L  /D <  120  m,  for  a  50  urn  thick  coating.  The  SMXlmum  water  flux  for 

50  ^m  thick  coatings  has  also  been  calculated.  The  flux  ranges  between 

-92  -82 

1.1  x  10  mol/(cm  *s)  and  1.2  x  10  mol/(cm  *s).  Aasumlng  two  electrons 

-4  2 

per  water  molecule,  the  corresponding  current  densities  are  2.2  x  10  A/cm 
and  2.4  x  10* *  A/cm2  respectively.  The  average  corrosion  current  for  aluminum 
in  a  solution  with  pH  equal  to  three  la  about  1.5  x  10**  A/ cm2  (7-9).  Thus 
water  diffusion  la  not  generally  a  rate  limiting  step  In  the  corrosion  process, 
but  It  could  become  rate  limiting  In  a  corrosion  cell  where  the  local  corrosion 
rate  is  orders  of  nepitude  greater  than  the  average. 
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Solubility  of  Sodium  and  Chloride  In  Paints 

Tho  solubility  of  chlorid*  sod  sodium  ions  in  point*  woo  determined 
with  radiotracers.  First  s  known  boss  of  point  woo  equilibrated  with  2  aL 
of  0.1  N  NaCI  solution  containing  o  known  activity  of  oithor  sodiua-22 
or  chlorlde-36.  The  point  roaoinod  in  this  MhotM  solution  for  approximately 
throo  wsoka.  Tho  toaporoturo  was  23*C  ♦  3*C.  Next  tho  point  was  roaovsd 
froa  tho  "hot"  solution  ond  briefly  rinsed  in  throe  separata  0.1  N  NoCl 
solutions  containing  no  radiotracers.  Tho  point  woo  than  ol lowed  to  equil¬ 
ibrate  with  2  aL  of  rsdiotrocer-f roe  0.1  N  NoCl  solution.  Periodically 
10  »L  soaples  were  withdrawn  froa  this  solution  and  analysed  for  radiotracer 
content.  The  solubility  of  the  radiotracer  species  was  calculated  according 
to  the  formula 


where  C  •  concentration  of  radiotracer  species 
P 

(Ns  or  Cl)  in  the  paint,  aol/g 
Vj  -  the  volume  of  the  leeching  solution,  cm* 

Cj  •  the  concentration  of  radiotracer  species  in  the  leach 
solution,  mol /cm 
Mp  *  mass  of  paint,  g 

Cj  *  equilibrium  activity  of  radiotracer  in  the  "hot”  solution,  uCi/cnJ 
C^  ■  equilibrium  activity  of  radiotracer  in  tha  loach  solution,  uCi/cn* 

The  concentration  of  sodium  and  chloride  in  paints  axposad  to  aqueous 
elect  roly tas  is  shown  in  Table  8.  No  data  ware  obtained  with  WD2  because 
the  free  files  asde  of  this  brittle  astsriel  crocked  end  crumbled  into  many 
saall  places.  Mayna  and  others  have  suggested  that  paints  exhibit  ion 
exchange  properties  (10-14).  These  proportion  result  froa  *  large  excess  of 
one  type  of  bound  eharge.  The  ratio  of  the  concentration  of  chlorid*  to  that 
of  sodium  la  shown  in  Table  8.  In  no  case  is  a  large  axesss  of  one  charge 
type  found. 
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Concentration  ol  Sod tun  and  Chlorldf  In  Paint* 
in  Equi  I  Ihr  lo*  with  Aqueous  Electrolyte*  at 
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According  to  the  theory  of  Ion  exchange  atabrinti,  sodium  and  chloride 

should  be  present  Inside  the  aeabrane  ss  either  colons  or  counterions. 

Donnan  exclusion  should  govern  the  absorption  of  colons.  Figure  8  shows  the 

qualitative  behavior  of  both  types  of  ions  in  Ion  exchange  Materials  The 

concentration  Inside  the  aeabrane  is  C.  The  concentration  in  the  external 

aqueous  electrolyte  Is  C^.  and  la  the  excess  fixed  charge  which  Is  bound 

to  the  aeabrane.  Figure  8  shows  that  the  dlaenalonless  solubility  (CJC.  ) 

l  D 

of  colons  Increases  as  the  concentration  of  electrolyte  In  the  aqueous 
solution  Increases.  The  dlaenslonless  solubility  of  colons  asyaptotlcally 
approaches  tero  at  low  aqueous  concentration  and  a  higher  value  at  high  concen¬ 
tration.  At  any  concentration  (C^)  the  value  of  the  net  fixed  charge  Is 
equal  to  the  difference  between  the  counterion  and  colon  concentrations. 

The  data  Illustrated  In  Table  8  do  not  conform  to  the  Donnan-excluslon- 
lon-exchange-aeabrane  theory.  Sodium  and  chloride  solubilities  both  Increase 
with  Increasing  SaCl  concentration  for  N-PDX.  An  opposite  trend  Is  observed 
with  YP-Epoxy  and  UDPT.  With  FP-PUX  and  CP-PUX  In  NaCl  one  of  the  solubilities 
Increase  and  the  other  decreases,  but  the  chloride  to  sodium  ratio  Is  both 
above  and  below  one  for  both  these  polyurethanes.  This  behavior  Is  prohibited 
by  the  Donnan  theory  of  ion  exchange  aeabranea.  Ue  therefore  conclude  that 
none  of  the  coatings  tested  behaves  as  a  classic  Ion  exchange  aeabrane. 

Neither  do  these  paints  behsve  ss  ideal  homogeneous  phases.  In  this  case 
we  would  expect  to  find  the  concentration  of  both  sodium  and  chloride  In  the 
paint  phase  governed  by  aass  action;  l.e.,  the  dlaenslonless  solubilities 
of  both  sodium  and  chlorida  would  be  constant  and  equal.  We  therefore 
conclude  that  soae  strong  specific  interaction  occurs  In  the  paint  phase. 

The  specific  interaction  could  be  between  any  two  of  the  four  major  components 
of  the  paint  phase:  sodiua,  chloride,  water,  or  polymer.  The  electrostatic 
Interaction  between  an  ion  exchange  aaabrane  and  mobile  Ions  is  one  type 
of  specific  Interaction,  but  the  data  Indicate  that  this  phenomenon  la 
not  a  primary  consideration  in  these  paints. 

One  possible  type  of  specific  Interaction  which  has  been  considered  In 
this  study  la  ion  association.  This  association  insults  when  the  dielectric 
constant  of  tbs  solvent  (paint)  becomes  so  low  that  the  attraction  between 
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Theoretical  concent ret lone  o(  colons  end  counterions  in  an  ideal 
Ion-exchange  naahraae. 
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Iona  can  overcome  th«  affacta  of  entropy  and  solvation.  Tha  ion  aasociatlon 
theory  of  Fuoaa  (15)  was  taatad  to  aaa  if  it  could  explain  tha  experimental 
raaulta.  tha  thaoratical  raaulta  vara  in  qualitativa  but  not  quantitative 
agreement  with  tha  experiments.  Tha  thaory  did  suggest  strongly  that  ion 
aasociatlon  occurs  in  paints.  Ona  limitation  of  tha  Fuoaa  thaory  is  that 
it  assumes  tha  solvant  (paint)  ia  hoaoganaous,  has  unifora  dialactric 
constant,  and  lacks  any  othar  apacific  Interaction  with  all  soluta  species. 
These  assumption*  are  reasonable  for  many  fluid  solvents  but  are  undoubtably 
invalid  for  some  solids  like  polymers.  It  is  therefore  concluded  that:  ion 
association  probably  occurs  in  paints,  and  that  there  is  some  specific 
interaction  between  tha  polymer  and  tha  "ionic"  soluta  species,  but  tha 
exact  nature  of  tha  specific  interaction  is  not  yet  known. 

Density  of  Faint  fllsm 

The  densities  of  a  number  of  paint  films  were  determined  by  weighing 
specimens  in  air  and  under  water.  The  results  are  Hated  in  Table  9.  It 
is  clear  that  the  pigments  contribute  a  significant  fraction  of  the  weight 
to  some  of  these  films. 

Averate  Mater  Permeability  in  Thick  Faint  Films 

Experiments  were  continued  to  determine  the  average  permeability 
of  water  in  coatings.  The  diffusion-cup  method  (ASTM  E-96  procedure  BW) 
was  used.  The  water  flux  through  films  of  paint  was  determined  by  recording 
the  rate  of  weight  loss  of  the  diffusion  cups.  The  sversge  permeability 
coefficient  F  was  then  determined  from  the  equation 


where  F  •  average  permeability  coefficient,  cm^/s 
L  •  paint  film  thickness,  cm 
J  ■  water  flux,  mol/cm2*s 

C  •  water  concentration  Inside  the  cup,  mol/cm^ 

The  permeability  coefficient,  F,  depends  on  the  diffusivity  and  the 
diasmsiemlese  solubility  (16) 

F  •  Of  <•) 

The  solubility  is  defined 
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TABLE  9 

Faint  Densities 


Paint 

Density 

(B/c»3) 

Nuabsr  of 
Specimens 

Standard 

Deviation 

(X) 

YP-Epoxy 

1.808 

4 

0.78 

CP -PlTt 

1.533 

3 

0.10 

FP-PUR 

1.338 

4 

0.27 

OPT 

1.733 

3 

0.35 

02 

1.161 

3 

0.69 

0  PUR 

1.137 

3 

0.9 

0  PVR 

1.154 

8 

1.6 

N  PUR 

1.156 

*e 

2.9 
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Mhirt  S  •  solubility 

C  ■  water  coocsntrstloo  In  ths  point  neabrane,  noi/cnJ 

■  3 

C  •  Mt«r  concsntrstlon  In  tbs  aqueous  solution  In  ths  cup,  mol/cn 

Ths  solubility  Is  s  thermodynamic  parameter  which  csn  also  bs  writ ton  ss 


whsrs  yb  “  ths  activity  coefficient  of  wstsr  In  ths  paint  nsabrsns 
>  -  ths  activity  cosfflclsnt  of  wstsr  In  ths  solution. 

Ths  poraasblllty  cosfflclsnts  calculator  according  to  Eq.  7  aro  shown 
In  Tabls  10.  Ths  valuss  of  P  shown  In  Tabls  10  conpare  rsasooably  wall  with 
thoss  obtained  with  ths  crystal  oscillator  apparatus  at  30*C  (Tabls  6). 

Also  shown  In  Tabls  10  srs  ths  activation  energies,  ths  corresponding  linear 
correlation  coefficients,  and  the  nuaber  of  experimental  data  points  corrslatsd. 
Ths  poraasblllty  coefficients  are  functions  of  teapsrature,  which  affects 
both  ths  dlffuslvlty  and  solubility.  The  tabulated  values  of  P  have  bean 
extrapolated  to  23*0  according  to  the  Arrhenius  equation.  Another  pe rata¬ 
bility  coefficient,  ?c,  Is  also  shown  in  Tabls  10. 

P  -  -  -  -2-  (11) 

c  y  >a 

where  the  standard  state  for  water  has  been  taken  as  a  purs  liquid  at  25®C. 

It  was  noted  in  these  experiments  that  ?c  Is  relatively  Independent  of 
teapsrature. 

The  data  Illustrated  In  Table  10  provide  order  of  magnitude  estimates 
of  the  permeability  coefficients.  YP-Epoxy  exhibits  negative  activation 
energies,  possibly  Indicating  chat  the  solubility  of  wstsr  la  ths  costings 
decreases  with  temperature.  A  continuing  polymerisation  reaction  or  soma 
other  chemical  or  physical  change  within  ths  paint  could  also  produce 
negative  activation  energies. 

Experiments  were  conducted  to  determine  the  adhesion  of  three  of  ths 
coatings  to  707S-T*  alwnlswa  which  wen  either  anodised  or  conversion  coated. 
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The  tests  were  conducted  et  rooa  temperature,  20#C,  and  utilised  a  cutting 
■echlne  similar  to  the  "Meelometer"  described  by  As beck  (17-19).  The  results 
of  the  experiments  have  been  analysed  according  to  Merchant's  (20,  21) 
theories  of  cutting,  and  surface  energies  of  adhesion  have  been  obtained  for 
two  of  the  three  coatings  tested.  The  results  vers  of  questionable  reliabil¬ 
ity  because  the  data  obtained  In  the  experiments  does  not  conform  to  the 
Merchant  cutting  theory.  It  was  concluded  that  this  method  of  determining 
the  adhesion  was  unsatisfactory  for  paints  on  anodised  or  conversion-coated 
aluminum,  end  these  studies  were  discontinued. 

MATHEMATICAL  MODELS 

Introduction 

Now  that  the  transport  properties  of  paints  are  known  It  Is  desired 
to  reliably  assess  the  relative  Importance  of  these  properties  In  the 
corrosion  process.  As  we  have  already  pointed  out  the  relative  Importance 
of  the  various  parameters  will  change  depending  on  such  factors  as  age  of 
the  paint,  temperature,  geometry,  oxygen  availability .  etc.  Therefore,  some 
model  of  the  corrosion  process  Is  required  to  quantify  how  each  parameter 
affects  the  corrosion  rate.  When  this  Information  la  available,  the  relative 
Importance  of  each  parameter  can  be  determined  and  each  coating  system  can 
be  reted  on  a  relative  scale  for  any  prescribed  set  of  physical  conditions. 
The  mat he eat  leal  model  described  below  is  based  on  the  results  of  experiments 
performed  to  dete  and  forms  the  framework  of  this  apprsoch. 

The  average  permeability  coefficients  of  Ionic  species  In  CP-PUR, 

FP-PUI  and  YP-Epoxy  are  shown  In  Tabls  11.  These  data  Indicate  that  the  dc 
conductivity  of  all  three  pslnts  lncrssses  with  the  concentration  of  sodium 
chloride  In  the  bathing  electrolyte.  These  msterlals  would  therefore  be 
classified  as  "direct"  sccordlng  to  Mayns's  criterion  (10-14).  Also 
according  to  Mayns  the  paint  film  resistance  should  be  grastsr  than  10*  .1cm2 
for  good  corrosion  protection.  According  to  this  theory  tbs  thickness  of  a 
coating  must  exceed  a  critical  value  to  provide  good  protection  of  the  metal. 
The  critical  thickness  Is  also  shown  In  Table  11.  It  is  clear  that  It  is 
Impractical  to  use  either  PP-PWR  or  TP-lpoxy  according  to  this  criterion. 
Tabls  11  also  shows  that  the  primer  coat,  YP-Epoxy,  is  orders  of  magnitude 
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Table  11 

Ionic  Transport  Paraawtars  and 
Critical  Thlcknasa  of  Paines  at  25*C 


Paint 

NaCl 

Concentration 

Conductivity 

Permeability  Coefficient 
Cl"  Na* 

Critical 

Thickness 

IN) 

(S/c.J _ 

(ca2/s_) 

(cn2/a) 

(cm) 

CP- PVR 

0.1 

6. 

X 

10-12 

3  x  IO"15 

1 

X 

io-14 

6.  x  10“A 

FP-PUR 

0.1 

1.9 

X 

io-9 

7  x  10“l) 

2 

X 

o 

• 

►- 

0.2 

YP- Epoxy 

0.1 

2.8 

X 

io- 7 

3  x  IO-10 

1 

X 

io'10 

28. 

CP -PVR 

1.0 

9. 

X 

io"11 

9.  x  IO-3 

FP-PVR 

1.0 

1.2 

X 

io"8 

6  x  10-13 

8 

X 

10“13 

1.2 

YP-Epoxy 

1.0 

2.1 

X 

io'6 

4  x  10“10 

6 

X 

io-11 

210. 

V  i 
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■or*  conduct lv*  then  *lth*r  of  tb«  topcoat  paints.  Thus  tha  raaiatanca  of 
any  practical  two-layer  ays tan  of  priaar  and  topcoat  exhibits  practically 
tha  aaaa  raaiatanca  aa  tha  topcoat  would  alona. 


In  YP- Epoxy  tha  inhibitor  is  SrCrO^  (1).  It  appears  reasonable  to  assua* 
that  strontlua  and  chroaata  ions  have  peraaability  coefficients  in  tha 
topcoat  paints  no  greater  than  aodlua  and  chloride.  In  this  cane  the  inhibitor 
la  essentially  crapped  in  the  priaar  layer  between  the  aetal  and  the  topcoat. 

It  is  instructive  to  determine  the  appro xlnete  tiaa  required  for 
aodlua  chloride  to  penetrate  froa  an  asternal  solution  to  the  aetal.  Assuae 
that  all  the  resistance  la  in  the  topcoat  which  la  approxiaetaly  51  va  thick. 
For  CP -PUS  tha  pel 


lability  coefficient  la  about  10”**  cn2/s  and  the 


dimensionless  solubility  of  MaCl  is  about  10 


-2 


The  dlffualvlty  la 


D*I 


10~12  ca2/a 


Tha  tiaa  constant  for  aodlua  chloride  diffusion  la 

L2  7 

t  •  ~  •  2.t  x  10  i 


(12) 


(13) 


A  slailar  calculation  for  TT-PUI  yields 

D  •  10'U  ca2/a  (1*) 

t  -  2.6  x  106  a  (15) 

Thus  aodlua  chloride  will  have  completely  penetrated  the  coating  in  a  few 
weeks  to  aoetha.  In  either  case  the  tiaa  is  abort  coapared  to  the  desired 
service  life  of  the  coating  syatea.  It  is  clear  froa  these  calculations 
that  paints  do  not  protect  solely  by  preventing  aggressive  loas  froa  reaching 
the  as  cal. 

Another  calculation  can  be  performed  to  date raise  if  paints  protect 
aatsls  by  limiting  the  rate  of  oxygen  diffusion.  Correlations  were  ueed 
to  estimate  the  dlffualvlty  sad  solubility  of  exygea  in  polyurethane  (22). 
D(02)  •  *  x  10"*  em2/a  (It) 


C(02)  •  3.2  x  10 


Vs 

mol/e.3 


The  limit lag  oxygen  flux  through  a  31  urn  thick  film  is 
J(02)  •  3.1  x  10’U  mol/(ca2*s) 

The  corroeloe  curreat  for  aluainua  varies  greatly  sad  depends  on 


(17) 

(18) 

ay  variables. 
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but  It  la  usually  In  tha  rang#  10  A/ca  <  1 «  10  A/ca  (7-9).  Tha  aaxlaua 
corrosion  currant  of  10  *  A/ca*  corresponds  to  an  oxygen  flux  of 

J*(02)  -  5.2  x  10‘12  aol/(ca2*s)  (19) 

Thus  J' 102)/J(02)  •  0.14  (20) 

This  calculation  deaonstratas  that  paints  do  not  retard  the  corrosion  of 
aluainua  primarily  by  Halting  oxygen  diffusion. 

Slallar  calculations  to  deteralne  If  water  could  constitute  a  Halting 
reactant  showed  that  the  corrosion  rate  Is  not  Halted  by  the  diffusion  of 
water.  Since,  for  unifora  corrosion  without  physical  separation  of  anodic 
and  cathodic  reaction  sites.  Ion  transport  Is  not  required,  these  calculations 
Indicate  that  the  transport  propertlaa  of  paints  do  not  directly  affect  the 
uniform  corrosion  rats  of  aluainua.  This  result  leads  to  the  conclusion  that 
corrosion  kinetics,  oxide  breakdown,  and  passivation  are  the  prlaary 
phenomena  which  control  the  corrosion  of  painted  aluainua. 

The  preceding  stateaents  apply  when  no  current  Is  forced  to  flow  through 
the  coatings,  l.e.,  when  uni  fora  corrosion  occurs.  Many,  perhaps  aost. 
prsctlcsl  corrosion  probleas  Involve  localised  corrosion  cells  and  Involve 
physical  separation  of  the  anodic  and  cathodic  reaction  sites.  Ionic  current 
must  flow  between  the  anodic  and  cathodic  sites.  This  raises  the  question 
of  how  these  local  corrosion  cells  are  formed  and  maintained.  Differential 
aeration  Is  probably  the  best  known  aschanlsa  of  formation  of  local  corrosion 
cells.  Differential  aeration  can  occur  under  paint  coatings,  but  It  Is  not 
a  primary  mechanism  under  uniform.  Intact  coatings  because  oxygen  Is  not 
excluded  and  la  not  a  Halting  reactant.  Another  mechanlsa  appears  responsible 
for  the  formation  of  local  corrosion  cells  on  painted  aluainua.  This 
aschanlsa  Is  based  on  the  fact  that  aluainua  corrosion  Is  auto  catalytic  (23). 
The  coating  reduces  the  flux  of  cat loos  diffusing  away  froa  local  anodic  sites, 
end  a  buildup  of  cations  results,  increasing  the  anodic  reaction  rate.  Thus 
the  presence  of  the  coating  actually  adds  to  the  instability  of  the  metal  and 
enhances  the  possibility  that  a  corrosion  cell  will  develop.  It  Is  therefore 
reasonable  to  assume  that  separation  of  anodic  and  cathodic  sltea  is  the  rule 
rather  than  the  exception  on  painted  aluainua. 
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Models 

Th«  models  developed  In  this  section  ere  based  on  the  principles 
discussed  previously  and  the  results  of  the  experlaente.  The  physical 
systea  which  will  be  dlscusaed  Is  an  18  ua  thick  coat  of  YP-Epoxy  covered 
by  a  51  ua  thick  topcoat  asauaed  to  be  GP-PUR.  Soae  of  the  transport  properties 
of  these  paints  were  listed  In  Table  11.  Additional  properties  are  presented 
In  Table  12. 

The  Role  of  Inhibitors 

Because  the  oxide  flla  on  alualnua  controls  the  corrosion  reaction  rates 
we  auat  be  concerned  with  the  phenoaenon  of  passivation.  Furthermore,  the 
prlaer  Is  filled  with  a  chroaata  inhibitor  which  also  has  a  direct  affect 
on  the  passivity  of  alualnua.  The  subject  of  passivation  Is  coaplex,  and 
only  certain  essential  characteristics  of  this  phenoaenon  will  be  dealt 
with  here. 

It  Is  known  that  the  pitting  of  alualnua  Is  a  function  of  the  concen¬ 
tration  of  both  the  aggressive  and  Inhibitor  anions.  Bohnl  and  Uhllg  (24) 
have  determined  that,  for  a  given  concentration  of  Inhibitor,  a  critical 
concentration  of  chloride  Ion  can  be  specified.  Pitting  takes  place  when  the 
chloride  concentration  exceeds  the  critical  value,  and  log-log  plots  of 
critical  chloride  Ion  activity  versus  chroaate  Ion  activity  are  straight 
Unas.  These  authors  also  showed  that  the  pitting  potential  of  alualnua 
varies  Inversely  with  the  logarithm  of  the  chloride  Ion  activity.  Later 
Kaesche  (25)  generalised  these  results  and  showed  how  the  pitting  potential 
depends  on  both  chloride  and  chroaata  Ion  activities.  These  results  have 
been  used  here  to  describe  the  role  of  paint  inhibitors  In  reducing  corrosion. 

It  is  aseuaed  that  the  Inhibitors  act  only  through  their  effect  on  the  pitting 
potential.  Figure  9  shows  approximately  how  the  pitting  potential  of 
alualnua  depends  on  both  chloride  and  chroaate  Ion  activities. 

Anodic  Reaction 

Alualnua  Is  assuaed  to  be  passivated.  A  typical  snodlc  polarisation 
curve  for  alualnua  In  chloride  solution  Is  shown  In  Fig.  10  (26).  The 
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Table  12 

Physical  Properties  of  Paints  Used 
To  Form  the  Two-Layer  Model  System 


Property 

CP -PUR 

FP-PUR 

YP-Epoxy 

Specific  Cravlty 

1.551 

1.538 

1.808 

Pigment 

SrCrO, 

H 

•it  t  Pigment 

52 

Vol  X  Pigment 

HjO  Permeability* 

5.4  x  10‘10 

1.8  x  10‘9 

24 

2.5  x  10‘10 

(cs2/i»(0.1  N  SsCl) 
(1.0  N  NsCl ) 

5.6  x  10“10 

1.4  x  10'9 

1.3  x  10* 10 

H,0  Solubility** 

*  (g/g-palnt) 

0.025 

0.025 

0.012 

•  Determined  by  radiotracer  aethod  at  25PC. 

**  Deteralned  with  crystal  oscillator  at  )0*C. 
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primary  characteristics  of  this  curve  ere  the  very  low  current  density  for 
potentials  below  the  pitting  potential  and  the  steep  rise  In  current  density 
for  potentials  above  the  pitting  potential. 


A  mathematical  expression  for  this  type  of  electrochemical  reaction  Is 

(21) 

(22) 

This  approximates  the  anodic  reaction  as  function  of  potential  only.  In 

the  region  below  the  pitting  potential  (•  ),  1  Is  a  constant,  and  above  * 

pa  p 

It  la  linear  In  t. 


•  1  ; 

» 

if 

oa 

•  1  ♦  A(»  -  ♦  ) ; 

♦ 

>  * 

os  p 

1 

Cathodic  Reaction 

There  are  et  least  two  possible  cathodic  reactions:  the  reduction  of 
dissolved  oxygen  gas,  and  the  reduction  of  hydrogen  Ions.  It  Is  generally 
accepted,  however,  that  oxygen  reduction  Is  the  fester  reaction  In  areas 
where  the  electrolyte  Is  saturated  with  oxygen.  Since  diffusion  of  oxygen 
through  paint  films  Is  fast  compared  to  general  corrosion  of  aluminum.  It 
Is  assumed  that  the  reduction  of  oxygen  Is  the  primary  cathodic  reaction  of 
Interest.  A  typical  cathodic  polarization  curve  carried  out  In  aerated 
electrolyte  is  shown  In  Fig.  11  (27). 

The  cathodic  reaction  Is  spproxlmated  by  a  Tafel  type  expression. 

*„  • ‘.c  *0,  •*»  (- Sr  <•  -•“>)  (»> 

where  Aq^  “  the  activity  of  oxygen  st  the  electrode  surface,  and  the  other 
terms  have  the  usual  significance. 

If  It  Is  assumed  that  the  coating  does  not  Interfere  with  the  electrode 

kinetics  then  the  constants  In  21  through  23  can  be  evaluated  from 

experiments  conducted  In  aqueous  solution.  In  this  way  values  of  1^,  A, 

•  ,  1 _ ,  a,  and  «°  can  be  obtained.  Prom  the  previous  discussion  it  is 

p  oc 

expected  that  the  pitting  potential  (a.)  will  be  a  function  of  the  relative 

P 

concentrations  of  chloride  and  chromate  Ions.  This  relationship  may  be  in 
graphical  form  or  expressed  generally  as 
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•P  •  *p  <cci-  V  <“> 

Soae  data  arc  avallabla  on  how  tha  pitting  potantlal  varlaa  with  concantration 
of  chroaata  and  chloride  Iona. 


Maas  Transport 


Tha  general  aquation  for 


tt 


3.  *  *, 


•ass  transport  of  any  aoblla  species,  1,  Is 


(25) 


whara  •  concantration  of  spaclas  i 
?  -  dal  oparator 
j  *  flux  of  spaclas  1 
Rj  *  rata  of  ganaratlon  of  spaclas  1 


Expariaants  performed  bars  and  alsawhara  (28)  Indicate  that  tha  dlluta 
solution  flux  aquation  is  adequata  for  paints. 


Wi  rt7*-di?ci 


(26) 


In  ganaral  tha  dlffualvlty  Is  a  function  of  both  position,  spaclas 
concantrat ion,  and  taaparatura 

D.  -  D.  (x.  C,,  C  .  .  .C  ,  T)  (27) 

Most  aoblla  spaclas  of  lntarast  hare  are  Ions  which  have  Halted  solubility 
In  paints,  snd  It  Is  therefore  often  possible  to  neglect  their  affect  on 
tha  dlffuslvlty.  Hualdlty-chaaber  results  have  shown  that  tha  dlffualvlty 
of  water  appears  to  be  a  strong  function  of  coating  thickness  for  coatings 
thinner  than  about  10  ua,  but  tha  dlffuslvlty  is  relatively  Independent  of 
coating  thickness  for  chlcker  files.  Most  practical  coatings  are  thicker 
than  10  »a,  and,  as  a  first  approxlaatlon,  we  will  neglect  the  effect  of 
thickness  on  dlffuslvlty.  This  evidence  suggests,  therefore,  that  the  dlffu¬ 
slvlty  Is  prlaarlly  a  function  of  taaparatura  and  the  water  content  of  the  paint 
0t  •  Dj  (C,.  T)  (28) 

It  will  also  be  aasueed  chat  the  electroneutrality  condition  holds  for  paints 


z 

1 


Vi 


0 


(29) 
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Equation*  23,  26,  and  29  arc  sufficient  to  aolvc  for  the  concentration* 
(Cj)  and  potential  (#)  a*  function*  of  tlae  and  position  in  Isothermal 
system*.  Isothermal  *y*tea*  will  be  assumed  unless  stated  otbervis*. 


Boundary  Conditions 

Several  types  of  boundary  conditions  may  be  used.  One  type  of  boundary 
condition  specifies  the  equality  of  electrochemical  potential  betuaen  phases 

uj  -  (30) 

The  generality  of  this  equation  is  wall  accepted,  but  in  practical  applies- 
t Ion  it  Is  usually  expressed  as  some  type  of  distribution  coefficient  for 
the  two  phases  ()  and  6) 


1 


(31) 


The  potential  Is  defined  as  that  which  would  be  measured  with  a 
reversible  chloride  Ion  electrode.  This  definition  means  that  the  potential 
is  a  function  of  the  electrochemical  potential  of  chloride  ions.  Therefore 
the  potential  is  constant  across  phase  boundaries  in  accordance  with  Eq.  30- 

Initlal  conditions  are  often  difficult  to  establish.  However,  usually 
we  are  primarily  Interested  in  what  is  taking  place  at  relatively  long  times. 
Under  these  conditions  the  exact  nature  of  the  initial  condition  is  often 
Insignificant.  In  the  paint  systems  studied  her*  it  is  usually  sufficient 
to  apeclfy  uniform  concentrations  and  potential  at  time  sero.  This  type  of 
initial  condition  usually  leads  to  a  step  change  in  the  concentration  of 
a  mobile  species  or  potential  at  one  of  the  boundaries  at  time  tero.  This 
procedure  la  a  mathematical  idealism,  but  it  is  sufficiently  accurate  for 
our  purposes. 

Stoichiometry  also  places  mathematical  restrictions  on  the  corrosion 
modal.  In  on*  dimension  these  restrictions  take  the  form: 

Z  /  v*  •  Z  [  ‘c** 

n  J0  n  J0 


(32) 
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Equation  12  la  simply  tha  mathematical  expression  of  tha  fact  that  tha 
total  anodic  currant  auat  equal  tha  total  cathodic  currant. 

In  general  thara  will  ba  n  aobila  species.  Thara  will  ba  n  aquations 
25,  n  aquations  26,  and  ona  aquation  29  which  Bust  ba  solved  for  tha  n 
concantratlona  (C^)  and  n  fluxas  (H^ )  and  ona  potential  4.  Tha  aquations 
ara  subjact  to  2n  boundary  conditions  similar  to  Eq.  10.  Thara  ara  n  ♦  1 
Initial  conditions.  Tha  two  remaining  boundary  conditions  lnvolva  potantlal 
and  ara  usually  an  arbitrary  daflnltlon  of  tha  taro  of  potantlal  and  Eq.  32. 

Slnpllt: nation 

In  ganaral  tha  procadura  outllnad  abova  can  ba  uaad  to  solve  tha  raqulrad 
aquations.  Tha  particular  fora  of  tha  solution  dapands  on  tha  values  of  tha 
parameters  lnvolvad  (D^ ,  A,  a,  ate.)  and  on  tha  gaosMtry ,  but  thara  ara  several 
approximations  which  will  simplify  tha  computations.  Wa  ha vs  assumad  a 
two  coat  systsm  of  prlmsr  and  topcoat.  Tha  axparlmants  have  shown  tha 
topcoats  to  ba  significantly  lass  parmsabls  to  Ions  than  tha  prlmsr.  As  a 
first  approximation  It  can  ba  assumad  that  tha  topcoat  Is  lmpsrmsabla  to 
Iona.  This  assumption  Is  csrtalnly  valid  In  tha  vicinity  of  a  crack  or  othar 
dafact  In  tha  topcoat,  and  It  will  ba  assumad  valid  for  all  casas  axcapt 
tha  Initial  panatratlon  of  aggrassiva  Ions  through  an  unblamlshad  topcoat. 

A  sacond  simplification  Is  that  both  topcoat  and  prlmsr  hava  uniform  thlcknass 
and  transport  proportion.  This  assumption  Is  justified  In  most  casas  whara 
tha  coating  contacts  liquid  watar  and  tha  tsmparaturs  Is  constant.  Salt 
apray  lasts  conform  to  thasa  raquiramants. 

Corrosion  Gao marry  Modals 

Flat  Surfacs 

Tha  corrosion  rata  undar  an  adhsrsnt  two-layar  coating  on  a  flat  plats 
Is  rsraly  high.  In  such  a  systsm  tha  Inhibitor  is  trsppad  bonsath  tha  topcoat 
and  laachss  out  vary  slowly.  Tha  topcoat  raMrds  tha  panatratlon  of  aggros- 
slva  Ions  (chlorlda),  but  If  tha  axternal  concantration  is  high,  chlorlda 
will  svantually  panatrsts  to  tha  natal  surfacs  tharaby  reducing  tha  pitting 
potantlal.  As  tha  potantlal  daersasas  tha  cathodic  reduction  of  oxygon 
lncraasas;  howavar,  tha  cathodic  area  la  llmltad  by  tha  high  reslatlvlty  of 


I 
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th«  prlMi  coating.  The  Ionic  currant  produced  by  both  the  anodic  and 
cathodic  raactlone  auat  flow  through  tha  prlaar  which  la  attached  to  tha 
aurfaca  of  tha  aetal  (or  aetal  oxide).  Tha  effective  cathodic  area  la  saall 
because  of  the  potential  drop  produced  In  the  prlaar  when  Ionic  currant  flows- 

Paint  Edge 

The  paint  edge  la  a  geometry  In  which  tha  two-coat  paint  anda,  and 
bare  aetal  la  exposed  to  tha  bulk  electrolyte.  Under  these  conditions  salt 
penetrates  primarily  through  tha  prlaar  layer  and  Inhibitor  diffuses  out 
of  the  prlaar  Into  the  bulk  electrolyte.  Therefore,  the  ratio  of  the 
concentration  of  aggressive  Ion  to  the  concentration  of  Inhibitor  varies 
with  position  relative  to  the  edge  of  the  paint.  The  anodic  reaction  rate 
is  greatest  where  the  Inhibitor  concentration  Is  lowest,  near  the  edge  of  the 
costing.  Depending  on  how  well  the  bulk  electrolyte  la  stirred  the  Inhibitor 
aay  provide  some  protection  to  the  bare  aetal  at  a  dlatance  froa  the  edge 
of  the  paint.  At  some  point  either  on  the  bare  aetal  or  under  the  prlaar 
near  the  edge,  the  anodic  reaction  will  occur.  The  cathodic  reaction  will 
occur  primarily  on  the  uncoated  aetal  because  the  conductivity  of  the 
aqueous  electrolyte  Is  many  orders  of  magnitude  greater  than  the  conductivity 
of  theprlaer.  According  to  this  view  we  expect  the  corrosion  rate  and  the 
position  of  the  prime ry  anodic  site  to  change  with  tlae  and  to  be  controlled 
by  the  diffusion  of  salt  and  Inhibitor  In  the  prlaar. 

Crack 

Two  adjacent  edges  fora  a  crack.  The  general  characteristics  of  a 
crack  are  the  saae  as  the  edge  except  that  the  area  of  bare  aetal  Is  much 
smaller.  It  Is  expected  that  the  area  at  the  base  of  the  crack  will  become 
a  local  anode  supported  by  a  cathodic  area  under  the  coating  adjacent  to 
the  crack. 

Wed  so 

The  wedge  Is  a  geometry  In  which  the  prtaer  has  becoae  separated  froa 
the  astsl  near  an  edge.  The  wedge  has  asny  of  the  properties  of  the  typical 
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wd|t*ih«p«d  corrosion  cell  except  that  oxygon  and  voter  con  reach  the  aetal 
by  diffuaion  through  the  coating.  In  the  vicinity  of  the  edga  the  prlaary 
diffusion  pathway  Is  not  through  the  coating,  but  farther  away,  toward  the 
tip  of  the  wedge,  diffusion  through  the  coating  becoaes  aost  Important. 

Ions  are  essentially  excludad  froa  diffusing  In  the  coating,  the  position 
of  the  anodic  reaction  will  be  deteralned  by  two  factors:  the  local  ratio  of 
inhibitor  to  chloride  Ions,  and  the  reduced  oxygen  concentration  resulting 
froa  the  diffusion  resistance  of  the  coating.  The  prlaary  cathodic  area 
will  be  the  bare  aetal  beyond  Che  edge  of  the  coating. 

Blister 

A  blister  Is  assuaed  to  be  filled  with  an  aqueous  solution.  The  solution 
is  trapped  between  the  prlaer  and  the  aetal.  The  coating  Is  assuaed  to  be 
defect  free  and  the  coating  Is  adherent  to  the  aetal  everywhere  except  under 
the  blister.  There  are  aany  types  of  blisters  In  real  paint  systeaa.  Soae 
of  these  blisters  are  foraed  by  entrapped  solvent  or  lack  of  adhesion. 

Ue  will  consider  only  blisters  which  contain  active  corrosion  calls. 

Apparently  the  corrosion  blisters  are  not  easily  foraed  In  dilute  salt 
solutions  because  the  Inhibitor  prevents  local  corrosion  calls  froa  forming. 

In  concentrated  salt  solution  the  chloride  Ions  swamp  the  Inhibitor  and 
blisters  can  fora.  The  entire  blister  Is  a  site  for  cathodic  reaction.  The 
area  on  the  aetal,  near  the  center  of  the  blister  Is  farthest  froa  a  source 
of  oxygen  and  this  Is  the  prlaary  anodic  site. 

Examples 

The  purpose  of  the  as the mat  lea  1  aodel  Is  to  provide  a  aethod  of 
quantitatively  evaluating  paint  performance.  When  the  proper  parameters 
are  used  In  the  aodel  the  anodic  and  cathodic  reaction  rates  can  be  calculated 
as  a  function  of  position  and  tlaa.  The  aodel  Is  sufficiently  general  that 
the  different  geometries  discussed  above  can  be  analysed  within  the  seas 
framework. 

Inhibitor  Depletion  Through  the  Topcoat 

Aa  an  elementary  example  of  how  the  experimental  results  can  be  used  in 
a  specific  aodel,  consider  the  time  required  for  the  inhibitor  In  a  primer 
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to  bccoat  depleted  by  diffusing  through  s  50  us  thick  topcoat  of  GP-PUl. 

As sum  tbs  prlasr  cost  Is  20  »m  of  YP- Epoxy  containing  52  wt  X  SrCrO^  as 
Inhibitor.  Assume  ths  aqueous  solution  In  ths  prlasr  lsysr  Is  saturstsd 
*»lth  SrCrO^.  than  ths  concsntrstlon  in  water  is  about  4  x  10 M.  Ths  total 
nuabsr  of  aolss  of  SrCrO^  available  is  9.4  x  10~8  aol/ca2  of  painted  araa. 

It  la  assuasd  that  ths  paraoablllty  coefficient  of  SrCrO,  in  ths  CP- PUN 

-14  2  ** 

topcoat  la  1.  x  10  ca  /a,  ths  saas  as  chat  for  NaCl.  The  flux  of  SrCrO^ 

la  then  calculated  to  be 

Jt  -  7.7  x  10-18  aol/ca2*s  (33) 


Ths  tlas 


to  deplete  the  Inhibitor  la 


t 


.  9.4  x  10 

7.7  x  10" 
•  4.  x  10% 


-6 

T8 


a 


(34) 

(35) 


This  calculation  shows  chae  the  corrosion  Inhibitor  is  held  In  the 
prlasr  layer  near  the  astal  surface  for  a  very  long  time  when  the  topcoat 
Is  In  good  condition.  Furthermore  It  Is  of  little  consequence  which  of  the 
four  topcoats  Is  used.  This  result  also  indicates  that  practical  paint 
systeaa  prevent  corrosion  primarily  through  the  use  of  Inhibitors  by  changing 
the  reaction  kinetics  of  corrosion. 


Permeation  of  NaCl  to  the  Metal  Surface 


Now  consider  how  long  the  example  paint  systea  provides  protection 

against  corrosion  when  lsawrsed  In  a  0.1  N  NaCl  solution.  Assuae  the 

-14  2 

permeability  coefficient  of  GP-PUI  is  about  10  ca  / s,  and  the  salt  concen¬ 
tration  in  che  prlasr  phase  as*st  reasln  less  than  about  4.  x  10  3  M.  The 
voluae  fraction  of  Inhibitor  In  YP-Epoxy  Is  about  24X.  Therefore,  if  all 
this  voluae  is  occupied  by  4  x  10”*  N  NaCl  solution,  there  will  be  1.9  x  10~l® 
moles  of  NaCl  present  in  the  prlasr  phase.  Thus 


t 


2  NaCl 


-10 


1.9  x  10 

- - -  . 

NaCl 

UO^JLlOq&t  -B£i- 

50  x  10“4  cm2* a 


(36) 

(37) 


t  •  950  s 


(38) 
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This  calculation  lndicataa  firat  that  avan  though  tha  topcoat  la  effective 

in  pravantlng  tha  inhibitor  froa  diffusing  away  fro*  tha  natal  it  ia  not 

-particularly  good  at  pravantlng  aggrasalva  Iona  froa  roaching  tha  aatal. 

2 

Aa  a  aattar  of  fact  tha  dlffualonal  tlaa-conatant  t  / a  for  tha  paaaaga  of 
Iona  through  tha  30  ua  thick  topcoat  la  only  about  0.8  yra.  Thus  It  la 
claar  that  aggrasalva  ions  will  ba  praaant  on  tha  aatal  aftar  a  ralatlvaly 
brlaf  aarvlca  Ufa,  and  this  la  a  factor  which  doaa  dapand  on  tha  transport 
propartlaa  and  thlcknaaa  of  tha  topcoat. 

Daplatlon  of  Inhibitor  Near  a  Crack 

Anothar  exaaple  of  this  spaclflc  typa  of  calculation  la  tha  diffusion 
and  subsequent  daplatlon  of  Inhibitor  through  a  crack  in  tha  coating. 

Conaldar  tha  geoaetry  illustrated  In  Fig.  12.  Tha  tine  required  to  raduca 
tha  inhibitor  concentration  at  tha  bo t tow  of  tha  crack  (point  A)  can  ba  estimated 
aa  follows.  Tha  one  dlaanslonal  rata  of  inhibitor  transport  out  of  tha 
crack  la 


r  •  J  V  - 

c  c 


Tha  transport  of  inhibitor  froa  inslda  tha  prlaar  to  point  A  la 


%  •  Vi  * 


,1C„.  -  c>ti 


where  x  la  tha  diffusion  path  length  in  tha  prlaar  phase.  Tha  length  x  la 
related  to  tha  total  quantity  of  inhibitor  lost  alnca  formation  of  tha  crack, 
or  in  differential  form 


where  q  •  tha  available  quantity  of  inhibitor  in  the  prlaar  (aol/ca  ). 

These  three  aquations  can  ba  solved  by  equating  r£  and  r^  at  ail  tlaa,  i.e., 
asking  tha  quasl-steady-state  asawptlon.  la  dlaenaloalesa  fora  tha  result  is: 

.  .  -  .2  -  .  K__. 


where  C  •  tha  saturation  concentration  and  tha  other  variables  have  the 
usual  wean Inga.  In  order  to  relate  the  tlaa  to  the  concentration  at  point  A 
the  following  additional  relation  la  required. 
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Topcoat 


JC 


Primer 


Metal 

Substrate 


Fl|.  12.  Two-layar  paint  ayataa  with  a  ona-diaantlonal  crack 
dafact . 
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Z7  V  c  V  o  w 


Th«  following  viImi  have  been  used  to  calculate  results. 

*  20  x  10‘4  ca 

t.  •  30  x  10"4  ca 

*  -10  2 
P  -  10  iV  cwr  /* 

D  -  10"5  ca2/a 

C  -  4  x  10-3  M 
aat  .  2 

q  •  9.4  x  10  aol/ca 
C  /C  -  10 

aat  , 

First,  aaauaa  {^/U  •  100.  Than  x//^  ■  9  *  10  and  t  ■  0.6S  h.  If  • 

3000,  x/lj  *  0.45  and  t  -  1610  h  or  67  d.  That*  raaulta  daaonatrata  that  tha 

Inhibitor  la  quickly  depleted  at  tha  bottoa  of  a van  a  vary  thin  crack.  Also, 

tha  concentration  of  aggressive  Ion  la  expected  to  be  high  there. 


Reduction  of  the  Effective  Cathodic  Area  by  Paints 

Another  exaapla  Illustrates  one  way  that  paints  rotect  astals  fro* 
corrosion.  Consider  the  corrosion  of  a  spec laen  of  painted  alualnu*  In 
which  the  prlaary  anodic  and  cathodic  sites  have  already  become  separated. 
Assuae  that  the  paint  layers  are  intact  and  attached  to  the  aetal.  As 
a  simplification  assuae  that  the  anode  Is  unpolarlzable  and  at  the  pitting 
potential.  Consider  also  the  Halting  case  where  concentration  gradients 
can  be  neglected  and  oxygen  Is  not  a  Halting  reactant.  Equation  23  then 
has  the  fora 

1  -  A*'8*  (44) 

c 

where  A  and  a  are  positive  constants.  The  potential  decraases  as  the  distance 
froa  the  anodic  site  Increases.  Tha  ralatlonahlp  between  the  total 
current  and  potential  la 

1  -  (45) 

The  current  varlex  with  position  according  to  the  equation 

iP-  -  -l  (46) 

dx  c 
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Combining  Eqs.  43-46  yield* 


?2* 


(47) 


Equation  47  ha*  no  analytical  aolutlon,  but  a  linearized  approximation  of 
the  right  hand  aide  will  be  adequate  for  the  present.  For  potential* 
near  an  arbitrary  reference  potential  *r  tha  linearized  form  of  Eq.  47  la 


?2'  -  ^  <1  -  8r)  «  r  (48) 

I  r 

where  ♦ 

The  boundary  condition*  are  moat  aaally  expressed  a* 

*i  •  n  ,  x  -  0  (49) 

o 

1-0.  x  -  -  (50) 

With  theae  boundary  condition*  the  aolutlon  la 

n  •  [*1 nh ( f x)  -  coah(cx)]  (1/fl  -  n  )  ♦  1/8  (51) 

o 


where  c  • 


Act 


£  * 


Equation  51  ahowa  that  the  potential  la  bounded.  The  other  Intereating 
point  la  that  there  la  no  contribution  to  the  total  cathodic  current  for 
x>-l/<.  The  maximum  current  occur*  at  x  •  0.  The  current  at  i  •  0  la 


"f 

I  ,  a  *1  I  •  .  A8l«*  (1/8  -  n  )  (52) 

total  I,  .  0  0 

Equation  52  ahowa  that  the  total  cathodic  currant  la  proportional  to  the 
aquare  root  of  the  thlckneaa  (l)  and  tb*  conductivity  (*)  of  the  primer 
coat.  Other  parameter*  occurring  In  Eq.  52  are  generally  not  under  experi¬ 
mental  control.  Equation  52  ahowa  that  the  total  corroalon  current  flowing 
to  the  anodic  alt*  can  be  minimised  by  reducing  the  thlckneaa  and  conductivity 
of  the  primer.  Ultimately  the  thlckneaa  could  be  reduced  to  zero,  but  not 
without  affecting  other  properties,  like  adhesion  and  void  volume,  which 
have  been  assumed  to  remain  constant  In  tha  derivation  of  Eq.  52  In  the 
final  analysis  w*  will  recognise  that  compromises  must  be  made,  but  as  a 
general  rule  it  la  expected  that  the  corrosion  can  be  reduced  by  reducing 
either  t  or  «. 
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Equation  32  provides  on*  explanation  of  why  bli*t*r*  or*  a  ■•rlou* 
corrosion  problem.  When  the  primer  ceases  to  adhere  to  the  metal,  the 
resulting  void  becomes  filled  with  aqueous  electrolyte.  Usually  the 
conductivity  of  the  electrolyte  is  several  orders  of  magnitude  greater  than 
that  of  the  primer.  It  la  tharafore  expected  that  a  high  corrosion  currant 
will  flow  between  the  local  anodic  and  cathodic  areas  within  the  blister. 
Another  way  to  look  at  this  explanation  is  that  the  else  of  tha  cathodic 
area  la  proportional  to  1/c.  Thus  the  cathodic  area  is  proportional  to 
•  U  ,  from  the  dlflnltlon  of  c.  If  the  conductivity  of  tha  aqeuoua 
electrolyte  inside  a  blister  is  10^  times  the  conductivity  of  the  primer,  the 
effective  cathodic  area  in  a  blister  is  1000  tlmas  graater  than  when  the 
same  primer  adheres  to  tha  metal. 

On*  aspect  of  the  corrosion  mechanism  which  is  extremely  difficult 
to  quantify  is  adheelon.  Equation  32  is  based  on  the  assumption  that  the 
primer  and  metal  adhera  to  each  other.  When  this  assumption  is  not  valid, 
a  blister  forms,  and  the  local  anodic  rat*  Increases  dramatically.  It  would 
therefor*  be  helpful  If  soma  criterion  could  be  found  for  estimating  the  time 
required  to  break  tha  sdhaslv*  bond.  These  criteria  for  disbonding  may  be 
unrelated  to  the  adhesive  energy  Itself.  For  axampla,  a  threshold  charge 
density  could  be  specified.  Adhesion  would  be  assumed  normal  for  local 
charge  densities  below  the  threshold.  Adhesion  would  be  lost  for  charge 
densities  above  tha  threshold.  Another  criterion  might  be  based  on  tha  local 
chemical  composition.  For  example,  either  low  or  high  values  of  pH  might 
be  expected  to  affect  tha  oxide  layer  on  aluminum  and  therefor*  tha  adhesive 
bond.  In  this  case  a  time  factor  might  also  be  Important.  Thus  a  local  pH 
below  one  for  more  than  30  h  might  represent  the  desired  criterion.  Addi¬ 
tional  work  needs  to  be  performed  in  this  ares  If  quantitative  estimates  of 
the  rat*  of  coating  disbonding  are  to  h  da. 

SlasattlsE 

The  examples  illustrate  that  tha  mathematical  modal  muat  In  general 
be  solved  with  a  computer.  Only  relatively  staple  cnees  cam  he  solved 
analytically.  Heverthaleas  it  in  possibls  te  use  the  model  end  the  experi¬ 
mental  results  te  ascertain  certain  qualitative  features  about  the  corrosion 
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of  aluainua  under  paint.  Thla  qualitative  analysis  indicates  that  paints 
posssss  aavaral  good  qualities  which  tend  to  raduca  tha  corrosion  rata  and 
aoaa  bad  qualltlas  which  tand  to  accalarata  or  localita  corrosion.  Tha  primary 
advantage  of  tha  two-coat  systea  appaara  to  ha  that  a  ralativaly  larga 
quantity  of  inhibitor  la  trapped  naar  tha  aetal  aurfaca.  Tha  topcoat  acta 
as  a  barrier  to  tha  diffusion  of  ions.  Thla  la  an  advantage  whan  tha  painted 
specimen  is  initially  exposed  to  electrolytes  containing  aggressing  Iona, 
but  once  the  aggressive  Iona  have  reached  tha  natal  surface  tha  topcoat 
tends  to  trap  than  there  and  its  low  ion  permeability  bee one a  a  liability. 

Thla  conclusion  points  up  tha  lnportance  of  surface  preparation  and  tha  need 
to  paint  on  a  surface  free  of  Ionic  contaminants.  The  prlner  servos  two 
Important  functions:  it  provides  a  vehicle  for  the  inhibitor,  and  it  improves 
adhesion.  The  inhibitor  appears  to  function  by  raising  the  pitting  potential, 
thereby  decreasing  the  cathodic  reaction  rate  and  reducing  corrosion  currents. 
Adhesion  la  important  because  whan  the  painta  do  not  adhere  to  the  natal 
surface  (natal  oxide)  tha  corrosion  currant  can  flow  through  a  relatively 
high-conductivity  path,  and  tha  affective  area  of  tha  cathode  la  greatly 
increased.  The  available  data  also  indicate  that  neither  oxygen  nor  water 
diffusion  through  the  coating  la  tha  rate  Uniting  step  when  the  corrosion 
is  uniform.  In  tha  Uniting  caaas  we  have  investigated  the  diffusion  of 
ions  through  a  resistive  paint  flln  adherent  to  tha  natal  nay  be  the  rata 
limiting  step.  However,  there  are  many  Instances,  such  as  tha  Initiation 
of  a  pit,  whan  diffusion  in  tha  natal  oxide  or  surface  kinetics  must  represent 
the  rate  limiting  step  in  tha  corrosion  nachanlsn.  Tha  lnportance  of  tha 
natal  oxide  aa  a  barrier  la  further  emphasised  by  tha  fact  that  aluainua 
la  always  in  tha  passive  or  trana pa salve  state  under  tha  conditions  of 
interest.  For  thla  reason  we  can  expect  the  bulk  of  observations  of  corrosion 
of  painted  si uninun  to  Involve  local  corrosion  cells. 

Hoot  of  the  undesirable  effects  of  painting  aluminum  can  be  traced  to 
the  promotion  of  local  corrosion  cells.  The  mathematical  model  suggests 
that  there  are  few  problems  associated  with  the  corrosion  of  aluminum  coated 
with  an  undamaged  two-layer  paint  system  evsn  when  exposed  to  dilute  solutions 
containing  chloride.  Damaged  coatings  are  another  natter.  When  the  topcoat 
becomes  damaged  the  inhibitor  diffuses  out  through  the  break,  la  a  relatively 
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brief  period  the  Inhibitor  becotma  depleted  in  a  region  near  the  break. 
Further  away  from  the  break  the  inhibitor  concentration  ia  atill  high  enough 
to  prevent  corroeion.  Thin  situation  produces  separate  anodic  and  cathodic 
reaction  areas  end  the  format ion  of  localised  corrosion  cells.  These  cells 
could  take  the  fora  of  pita,  filiform  corrosion,  or  s  widening  wedge  of 
detached  coating.  The  aodel  also  suggests  that  paints  can  promote  corrosion 
by  acting  aa  barriers  to  the  diffusion  of  ions.  Fitting  and  localised 
corroeion  of  a 1 ual n ua  la  known  to  be  autocatalytlc .  The  autocatalytlc 
behavior  la  not  yet  well  understood  but  appears  to  be  related  to  a  local 
buildup  of  aoae  reaction  product,  possibly  Al*^  or  H*.  When  these  ions 
are  produced  beneath  paint  fllas  they  will  tend  to  build  up  high  concentra¬ 
tions  because  the  coating  acta  as  a  diffusion  barrier.  Thus,  not  only  does 
the  coating  reduce  the  separation  of  anodic  and  cathodic  altos  it  Increases 
the  local  concentration  of  reaction  products.  On  some  metals  this  retards 
the  corrosion  reaction,  but  when  aluminum  corrodes  it  apparently  promotes  the 
formation  of  local  corrosion  cells. 

Conclusions 

The  following  general  conclusions  are  based  on  the  experimental  data 
and  mathematical  models  studied  here.  They  pertain  to  the  mass  transport 
properties  of  a  limited  number  of  paints  and  the  corrosion  of  painted 
aluminum. 

1.  Some  Ion  other  than  sodium  or  chloride  carries  a  significant  portion 
of  current  through  many  paints  Immersed  in  aqueous  sodium  chloride  solution. 

2.  These  paints  do  not  provide  a  barrier  to  either  oxygen  or  water 
sufficient  to  limit  the  uniform  corrosion  rate  of  aluminum. 

).  Ionic  Inhibitors  such  as  chromates  are  effectively  retained  near 
the  metal  by  an  undamaged  topcoat. 

4.  Ionic  inhibitors  rapidly  diffuse  out  of  cracks  and  other  defects 
In  the  topcoat  leaving  the  metal  unprotected  froa  corrosion  nesr  the  defect. 

3.  One  generel  manner  in  which  pelnte  protect  metals  froa  corrosion  is 
by  forcing  the  current  flowing  to  a  local  anode  to  pass  through  a  highly 
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resistive  medium,  thereby  reducing  the  effective  cethodlc  eree. 

6.  In  general  the  aaes  trenaport  propertlee  of  pelnta  ere  quite 
complex,  involving  such  phenomena  aa  loo  exchange.  Ion  aaaoclatlon,  time 
varying  propertlee.  varlatlona  in  physical  end  trenaport  propertlee  with 
position  inside  the  paint  film,  end  concentration  dependent  transport  propertlee. 
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NOMENCLATURE 

A  a  constant 

C  concentration,  aole/ca^ 

D  dlffuslvlty,  c»2/t 

F  Faraday  constant 

1  total  currant,  A 

1  currant  density,  A/ca^ 

J  flux,  aola/(ca2-s) 

K  distribution  coefficient 

L  aeabrane  thickness,  ca 

l  paint  thickness,  ca 

N  aass,  ( 

f  peraeablllty  coefficient,  ca^/s 

q  Inhibitor  content  of  the  prlaer 

aole/ca 

R  gas  constant 

R  reaction  rate,  aole/(ca5-a) 

r  transport  rate,  aole/(ca*s) 

S  dlaenslonleas  solubility 

T  teaperature,  °K 

t  tlae,  s 

.  3 

v  voluae,  ca 

w  crack  width,  ca 

a  position  coeerdlnate,  ca 

z  Ionic  charts  Including  sign 

Superscripts 

•  radioactive  species 

o  reference  value 

j  alpha  phase 

B  beta  phase 


Creek 

8  a  constant,  v”* 

y  activity  coefficient,  ca^/aole 

V  del  operator 

A  change,  finite  difference 

n  electric  potential,  V 

*  electrical  conductivity,  S/ca 

j  Elect rochealcal  potential,  J/aole 

•  electric  potential,  V 

v  dlaenslonless  electric  potential, 

z^s/RT 

Subscripts 

a  anodic 

ave  average  value 

b  bulk  solution  designator 

c  corrected  or  noraellzed  value 

c  cathodic 

e  experlaental  value 

1  species  designation 

a  in  the  aeabrane  or  paint 

n  noraellzed  value 

o  constant  value,  usually  at  tlae  zero 
p  In  the  paint  phase 

p  value  at  the  pitting  potential 

r  reference  value 

sat  designates  saturation 

1  1st  solution,  species,  or  phase 

2  2nd  solution,  species,  or  phase 
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APPENDIX  A 

HITTORF  EXPERIMENTS 


Apparatus 

Roth  numb rane- potential  and  Hlttorf  experlaents  wart  conducted 
In  the  um  apparatus.  Figure  Al  illustrates  the  experimental  cell 
which  wa*  made  of  Plexiglas.  Vhen  assembled,  each  cell  was  composed  of 
two  cylindrical  compartments  separated  by  a  paint  meabrane.  The  two 
c Departments  were  aligned  vertically.  Both  compartments  were  equlped 
with  sampling  ports  and  overflow  tubes.  The  sampling  ports  were 
sealed  with  rubber  aeptuas,  but  the  overflow  tubes  were  open  to  the  air. 

The  overflow  tubes  were  aade  of  cspillsry  tubing  with  one  end  drawn  down 
to  a  email  disaster.  This  construction  reduced  water  evaporation  to  a 
negligible  level.  The  overflow  tubes  from  both  the  top  end  bottom 
coapartaents  were  bent  above  the  cell  so  they  were  in  the  seas  horizontal 
plane.  In  this  way  the  hydrostatic  pressure  difference  across  the  aeabrane 
was  minimised. 

The  cell  was  constructed  In  two  halves.  Internally,  each  cell  wee 
Identical,  but  the  external  connections  (saapllng  ports,  overflow  tubes, 
etc.)  were  In  different  positions  In  each  of  the  half  cells. 

The  paint  aeabrane  was  claaped  between  the  two  half-cells  which  were  held 
together  by  four  bolts.  Vlton  D-r lag  gaskets  were  used  to  prevent  the 
solutions  froa  leaking  between  the  paint  and  the  Plexiglas. 

Each  coapartaent  was  equlped  with  a  silver-silver  chloride  electrode. 
The  electrodes  were  glued  to  the  Plexiglas  with  epoxy.  The  electrode 
disaster  was  the  same  as  the  "active"  diameter  of  the  aeabrane,  and  both 
electrodes  were  parallel  to,  and  equidistant  froa,  the  aeabrane. 

Basil  Teflon-coated  asgnetlc  stir  bars  vara  used  to  stir  the  solutions 
In  both  coapsrtaents.  The  stir  bar  in  the  bottom  coapartaent  was  held 
above  the  electrode  surface  by  a  circular  disc  of  plastic  window  acraea. 
Sialler  screens  were  claaped  on  each  side  sf  the  paint  asabrsne  as 
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physical  supports.  Tha  atlr  bar  In  tha  top  coapartaant  rasted  dlractly  on 
tha  upper  support  screen.  Stirring  tpaads  of  approxlaataly  100  rpa  war a 
achlavad  with  a  aagnatlc  stir  plats. 

Tha  assaablad  Hlttorf  call  was  placad  In  a  Faraday  caga  during 
axparlaants.  A  battary  waa  uaad  to  control  tba  call  potantlal  batwaan  tha 
two  alactrodas.  Tha  voltaga  dlffaranca  and  alactroda  currant  wara  aaasurad 
with  Kalchlay  elect  roasters.  Flgura  A2  la  a  achaaatic  dlagran  of  tha 
alactrlcal  Inst ruaentat Ion.  Tha  electroastera  contain  re  transacting 
amplifiers  with  low  output  lapedance.  Tba  output  of  thaaa  amplifiers  waa 
racordad  on  an  Cstarllna  Angus,  aodal  E1124E,  strip  chart  racordar.  Tha 
output  of  tha  electroaeter  racordlng  tha  currant  was  lntagratad  with  an 
Acroaag,  nodal  1752-K1-1,  lntagrator.  Tha  total  charga  pasaad  during  tha 
coursa  of  an  axparlaant  waa  obtalnad  f roa  tha  lntagrator.  This  lnstrumen- 
tat Ion  provldad  a  permanent  racord  of  tha  voltaga,  currant,  and  total  charga 
for  aach  axparlaant. 

Tha  axparlnantal  taaparatura  waa  controllad  with  an  air  tharaostat. 

A  nodi f lad  on-off  housahold  tharaostat  was  usad.  Temperatures  adjacent 
to  tha  call  wara  aaasurad  with  National  Saal conductor,  LX5600,  taaparatura 
transducars.  Tha  transducara  wara  purchasad  In  TO-5  packages,  and  wara 
equipped  with  radlal-f lnnad  cilp-on  hast  oinks.  Tha  call  toaparaturas  ware 
also  racordad  on  tha  strip  chart.  A  paak-to-paak  taaparatura  excursion 
of  1*C  was  observed  with  this  apparatus. 

All  salts  and  solvents  wars  ACS  reagent  grade,  and  the  water  was  distilled. 
Radioactive  hydrogen  (^H),  sodlua  (^Na),  and  chloride  (^Cl)  wars  purchasad 
In  carrier-free  fora  froa  coaaerclal  sources.  Radlotracar  standards, 
traceable  to  tha  National  Rureau  of  Standards,  wara  puschaaad  and  uaad  to 
aaka  reference  solution.  The  radlotracar  content  of  saaplaa  was  aaasurad 
with  a  Packard,  aodal  2002,  scintillation  countar  at  tha  Vnlvarslty  of 
Washington. 
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Procedure 

In  order  to  perform  a  Hittorf  experiment,  point  Matron**  unattached 
.to  any  subatroto  war*  first  praporad.  Palma  war*  flrat  mixed  according 
to  the  auppllar'a  lnatructlona.  Th*  point  wo*  than  aproy  applied  to  ahaata 
of  dacol  paper  and  allowed  to  dry.  Drying  took  place  In  th*  ambient  laboratory 
•lf  at  about  60*  relative  humidity  and  23®C.  Th*  paint  waa  protected  from 

du*t  In  a  fuse  hood  for  about  24  hour*.  Th*  coated  place*  of  decal 
paper  were  then  placed  In  paper  envelope*  and  atorad  In  a  wooden  cabinet 
until  needed.  Storage  time*  varied  from  two  waaka  to  two  year*. 

laaedlataly  prior  to  uee,  specimen*  of  paint  were  cut  fro*  the  large 
sheet*  of  coated  decal  paper.  The  decal  paper  was  soaked  In  water  for 
a  few  minutes  until  th*  paint  could  b*  easily  removed.  Th*  free  paint 
f 11s  was  then  washed  in  tap  water  till  no  mucllaga  could  be  detected 
by  touch.  Then  the  paint  was  rinsed  In  distilled  water  for  a  few 
seconds  and  dried  with  a  paper  towel.  The  dry  paint  film  was  allowed  to 
stand  In  laboratory  air  for  about  IS  minutes  before  th*  thickness  was 
measured  with  a  micrometer.  Twelve  to  IS  thickness  Mssureaents  war* 
mad*  In  th*  tost  area  of  th*  sample.  Th*  average  coating  thlckneea 
and  standard  deviations  were  then  calculated.  Free  films  with  nonuniform 
thickness  or  high  standard  deviations  were  rejected.  Th*  membrane  was 
next  checked  optically  for  defects:  holes,  dirt  or  dust  particles,  etc. 
Membranes  which  did  not  appear  to  b*  smooth  and  free  of  defects  were 
rejected.  The  final  pre-experlMnt  check  was  a  conductivity  measurement. 

The  membrane  was  mounted  In  a  Hittorf  cell  and  Its  dc  conductivity  was 
determined.  If  th*  conductivity  differed  more  than  a  factor  of  about 
three  from  th*  average  conductivity  of  similar  membranes  it  was  rejected. 

After  a  specimen  passed  all  the  pre-experiment  tests  It  was  ready  for 
mounting  la  a  Hittorf  cell. 

Prior  to  an  experiment,  th*  Mlttorf-cell  electrodes  were  checked. 
Solutions  of  differing  salt  concentration  were  placed  In  each  half- 
call,  and  th*  electrode  potentials  were  measured  relative  to  a  standard 
reference  electrode.  If  th*  "Kernst  slope"  for  the  Hittorf  electrode 
excoeded  35  mV/decade,  th*  electrode  was  considered  acceptable.  If  th* 
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(ltcttodi  failed  this  taat,  tha  silver  chloride  layer  sea  reaovad,  and 
the  silver  was  abraded,  cleaned, and  reanodlted.  Mao,  prior  to  the 
experiment  the  Flexlglas  was  inspected  for  scratches.  If  scratches  were 
found,  they  were  removed  by  polishing. 

After  tha  cell  had  been  polished  and  the  electrodes  had  passed 
Inspection,  both  halves  of  tha  call  were  rinsed  in  distilled  weter  and 
then  In  methanol.  The  cell  waa  then  dried  by  blowing  air  through  the 
Injection  ports  and  the  overflow  tubes.  When  the  cell  waa  completely 
dry.  It  was  ready  for  assembly. 

The  cell  was  assembled  In  steps  proceeding  vertically  from  the 
bottom  to  the  top.  A  screen  was  first  placed  In  the  bottom  cos^artment 
over  the  ailver-silver  chloride  electrode.  A  magnetic  etlr  bar  waa  then 
placed  on  the  screen.  Kaxt,  a  second  screen  waa  placed  over  the  mouth 
of  the  bottom  compartment.  The  dlaaeter  of  the  second  screen  waa 
greater  than  the  compartment  diameter.  This  screen  supported  the 
membrane.  Next,  the  O-rlng  wea  coated  with  a  thin  layer  of  silicone 
stopcock  grease  and  placed  In  Its  groove  around  the  screen.  Then  the 
paint  film  waa  placed  over  the  O-ring  and  the  support  screen.  The  paint 
film  was  always  oriented  in  the  Hlttorf  cell  with  the  "air  aide"  facing 
downward.  The  aide  of  the  free  film  which  waa  exposed  to  air  as  the  paint 
dried  was  termed  the  "air  slda."  The  opposite  side,  which  was  originally 
adjacent  to  the  decal  paper,  was  callad  the  "paper  aide."  When  a  voltage 
was  applied,  the  polarity  waa  euch  that  the  tracer  Ion  waa  forced  to  migrate 
from  the  air  side  toward  the  paper  aide  of  the  paint  film.  Next,  a  aacond 
support  screen  waa  placed  on  top  of  the  paint,  and  another  stir  bar  waa 
placed  on  this  second  screen.  Finally,  the  top  half  of  the  cell  was  placed 
on,  and  the  entire  assembly  waa  bolted  together.  After  the  cell  waa  assembled, 
a  visual  Inspection  waa  made.  The  Inspection  included  checking  the  O-ring 
seals,  tha  support  screens,  and  the  stir  bare.  If  the  Inspection  revealed 
no  defect*,  the  assembly  was  completed  by  placing  rubber  septum*  over  the 
open  ends  of  the  Injection  ports. 
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Prior  to  filling  the  coll  it  mi  weighed.  The  assembled  call 
mi  than  fillad  with  alactrolyta  using  a  hypodermic  ayringa.  Tha  volume 
of  alactrolyta  addad  to  aach  coapartaant  was  aaaaurad  with  tha  syringe- 
Tha  weight  of  tha  call  was  also  aaaaurad  aftar  aach  compartment  was  fillad. 

Thia  procadura  provldad  two  indapandant  aaaauras  of  tha  fluid  voluaa  in 
aach  coapartaant.  Tha  voluaa  of  fluid  la  tha  overflow  tuba  waa 
dataralnad  by  tha  position  of  tha  liquid  aaniacua.  Anothar  visual 
inspection  waa  parfonaad  aftar  filling  tha  call.  If  bubblas  with  disasters 
greater  than  about  3 an  («10S  of  tha  dlanatar  of  tha  eoapartmants) 
ware  obaarvad,  tha  filling  procadura  waa  rapaatad.  If  tha  bubblas 
could  not  ba  raaovad,  tha  coapartaants  wara  eaptlad  and  tha  call 
raassaabled. 

Elactrolyta  solutions  wara  alxed  just  prior  to  asaaabllng  tha  call. 

Various  sodlua  chlorida  concentrations  froa  0.1  1  to  1  H  ware  aaployad. 
Radiotracer*  war*  addad  just  prior  to  filling  tha  call-  The  solution 
containing  the  radiotracers  was  always  placed  in  tha  bottom  coapartaant. 
Solutions  in  both  coapartaants  contained  tha  same  concentration  of  salt,  but 
no  radiotracers  ware  used  in  the  top  coapartaant .  Tha  bottom  coapartaant 
always  contained  two  radlotracara :  tritium  (^H)  and  either  sodlua  or  chloride. 
In  this  way  the  water  flux  and  one  of  the  ion  fluxes  could  be  obtained. 

After  the  cell  had  been  filled,  10  uL  samples  were  taken  froa  aach 
compartment.  The  cell  was  placed  on  a  stir  plate  Inside  a  thermostatically 
controlled  glovebox.  The  mean  temperature  was  maintained  at  25°C  ♦  O.S°C. 

The  cell  was  then  connected  to  the  battery  and  tha  electronic  aonltorlng 
equipment.  The  cell  was  always  connected  to  the  battery  with  the  polarity 
such  that  the  salt  radiotracer  (^Na  or  **C1)  wee  forced  across  the  membrane. 
Experiment*  were  conducted  for  various  periods  of  time  up  to  three  months.  The 
The  cell  voltage,  current,  and  teaparatur*  wara  recorded.  Radiotracer 
saaplas  (10  i.L)  war*  periodically  withdrawn  with  Hamilton  ale ro-ay tinges 
through  the  rubber  septum*.  The  top  coapartaant  was  sampled  about  every 
three  days.  The  bottoa  coapartaant  was  saapled  at  two-weak  Intervals.  At 
the  end  of  the  experlasnt  three  saaples  ware  withdrawn  fro*  each  compartment . 
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During  the  court*  of  an  upcilMot  eh*  positions  of  th*  •anise  1  In 
th*  ovarflov  tuba*  war a  periodically  recorded.  By  comparing  eh*  relative 
positions  of  tha  two  menisci,  laaks  could  b«  datactad.  Experiments  wart 
tarainatad  whan  laaks  davalopad.  At  tha  conclusion  of  sn  experiment, 
th*  call  was  dlsaanelad  and  aach  half  call  was  laachad  for  two  waak*  in 
saparata  distilled  water  hatha. 

Th*  radiotracar  samples  wars  analysed  by  liquid  scintillation 
counting.  Tha  scintillation  counter  was  capable  of  counting  two  radio¬ 
isotopes  simultaneously .  Th*  different  isotopes  war*  distinguished  by 
th*  different  energies  of  thalr  I  amissions.  Chloride- tt  could  not 

b*  distinguished  from  eodlua»-22  because  both  radlonulldas  have  similar 
6- energy  spectra.  Therefore,  tritium  and  either  sodium  or  chloride  war* 
used  in  aach  experiment,  and  sodium  and  chloride  fluxes  ware  determined 
in  separate  experiment*. 

Approximately  five  standard  samples  wars  used  to  calibrate  tha 
scintillation  counter  during  each  counting  sasslon.  Tha  activities  of 
tha  standards  varied,  covering  a  range  approximately  equal  to  that 
expected  for  tha  experimental  samples.  A  least-squares  matrix 
inversion  method  was  used  to  determine  counting  efficiencies  and  cross¬ 
channel  interference  coefficients  from  th*  calibration  data.  The 
accuracy  of  each  calibration  matrix  was  also  checked  by  counting 
mixtures  of  known  composition.  No  quenching  was  observed  with  th* 

SMll  sample  volumes  (10  ul)  used. 

Transference  numbers  for  sodium  and  chloride  were  calculated  in  th* 
following  way.  First,  th*  activity  of  the  radiotracer  (sodium  or 
chloride)  in  th*  top  compartment  was  obtained.  These  data  were  converted 
to  equivalents  of  carrier  (ne>  per  ml  by  assuming  s  specific  molar 
activity  equal  to  that  in  the  bottom  cell.  Than,  th*  data  were  plotted 
as  n£  versus  chsrgs  passed.  Different  laast-squeres  straight 

Haas  were  chan  constructed  through  tha  data  collected  at  each  cell 
potential.  Finally,  th*  transference  numbers  were  set  equal  to  the  slopes 
ef  tha  lines.  This  method  urns  considered  appropriate  ae  long  as  two 
conditions  were  met.  The  redlotracer  flux  at  sere  applied  voltage 
wee  negligible,  and  tha  fraction  of  radiotracer  transported  across  the 
membrane  was  small,  loth  conditions  were  always  satisfied  In  these 
experiments. 

*7 
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The  diffualvlty  of  water  was  calculated  from  measurements  of  the 
tritium  concentration.  It  waa  aaauaad  that  tritium  only  paaaad  through 
tha  mambrana  aa  water.  Thla  assumption  cannot  he  aaally  verified.  Other 
assumptions  were  the  aama  aa  for  sodium  and  chloride  transport  except 
that  the  fraction  of  tritium  tranaported  waa  usually  large.  In  order  to 
account  for  this  fact,  a  differential  maas  balance  waa  derived  for  the  top 
compartment.  The  equation  waa  solved  to  yield  the  tritium  activity  in  the 
top  compartment  aa  a  function  of  the  water  diffualvlty  and  time.  Experimental 
results  were  then  inserted  in  the  calculated  solution,  and  a  diffualvlty 
was  obtained  for  each  of  a  experimental  data  points.  The  individual 
dlf fuolvltlea  ware  averaged  to  obtain  the  tabulated  values. 
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APPENDIX  B 

Humidity  Chamber  ExwtIm nts 
Crystal  Oscillator  Theory 

Quarts  crystals  have  been  used  to  construct  highly  stabls  oscillators 
for  many  yaars.  Tha  crystal  Is  s  low-loss  piezoelectric  ra aorta tor  which 
controls  tha  oscillator's  frequency.  Tha  fundaMntal  fraquancy  of  a  crystal 
is  affactad  by  temperature  and  savaral  othar  environmental  factors: 
howavar,  tha  physical  propartlas  of  tha  crystal  haws  tha 
graatast  offset  oa  tha  fraquancy. 

Tha  Mass  of  tha  crystal  Is  ona  proparty  which  has  a  groat  Influence 
on  fraquancy.  This  fact  Is  tha  basis  of  savaral  unusual  usas  of  crystal 
oscillators.  Including  sorption  datactora  (B1,B).  Highly  sensitive  sorption 
detectors  have  baas  constructed  by  coating  a  quarts  crystal  with  a  thin 
layer  of  absorbent  (paint).  Tha  fraquancy  of  this  "composite"  crystal 
changes  as  its  mss  varies,  ty  knowing  tha  relationship  between  fraquancy 
change  and  mss  change,  alcrobalance  weighing  can  be  par f oread.  Sen¬ 
sitivities  on  tha  order  of  10‘12  g  have  keen  as t 1m tad  (gl). 

The  pletoelectrlc  oscillation  of  a  quarts  crystal  has  been  analysed 
as  an  acoustic  resonator  (u).  In  this  one-dlMnslonal  theory,  a  wave 
disturbance  la  introduced  at  ona  surface  of  tha  crystal.  The  wave  travels 
through  tha  quarts  with  a  constant  velocity  and  attenuation  until  It 
raachaa  tha  opposite  edge  of  the  crystal.  At  tha  edge,  the  wave  is 
conpletely  reflected.  This  nodal  is  MthsMtlcallv  equivalent  to  an 
Ideal  transmission  line  with  distributed  loss,  and  a  conplata  Mtheasticsl 
description  is  available. 

When  a  quarts  crystal  is  coated  with  another  substance,  a  composite 
is  formed.  The  acoustic  resoMtor  theory  has  bean  need  to  describe 
chase  composite  resonators,  but  the  analysis  is  Mrs  complicated  than  fer 
the  simple  resonator.  The  cemplenlty  results  from  partial  reflection 
of  the  traveling  wave  at  the  boundary  between  the  quarts  and  the  coating 
substance.  Despite  the  cemplenlty.  Miller  and  Sole!  (13,  34)  obtained 
an  enact  solution  ef  the  composite  resonator.  The  theory  shewed  that  the 
only  Mjer  effect  ef  attaching  the  casting  to  the  crystal  was  to  shift 
the  resonant  frequency  ef  the  composite  resonator  (f)  relative  to  the  frequency 
ef  the  simple  quarts  crystal  (f^). 
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Millar  and  klif'i  acoustic  raaonator  theory  is  based  on  ssvsrsl 
approximations  and  assumptions.  Tbs  assumptions  appaar  to  be  appropriate, 
although  thsy  havs  sppsrsntly  not  baan  individually  chscksd.  However, 
ths  applicability  of  ths  antirs  thaory  to  metal-coated  crystals  was 
proposed  by  Millar  and  lolsf  (id),  and  Lu  and  Lewis  (BS)  chscksd  this 
application  using  thrss  aatals:  copper,  silver,  and  lead.  The  thaory 
is  in  good  agreement  with  experimental  data  for  frequency  shifts  up  to 

1  SI  of  the  "unloadsd-crystal"  frequency  (f  ). 

4 

The  acoustic  resonance  theory  la  based  on  the  following  assumptions 
(In  the  composite  resonator  the  assumptions  apply  to  the  crystal  and  the 
costing  separately.): 

1.  The  system  la  one  dimensional. 

2.  End  faces  are  fist  and  parallel. 

3.  The  wave  travels  with  a  constant  velocity. 

4.  The  attenuation  par  unit  distance  la  constant. 

3.  The  density  of  the  medium  is  constant. 

6.  The  crystal  is  oscillating  at  steady  state  (cw). 

7.  The  coating  is  uniform  over  the  entire  "active”  area. 

This  theory  does  not  treat  the  effects  of  crystal  mounting  or 
surface  nonunlformlties. 

Lu  sod  Lewie  (BS)  present  three  relations  between  the  mass  change 
of  the  composite  crystal  and  the  observed  frequency  shift.  The  moat 
accurate  equation,  "exact  solution,"  is  based  on  Miller  end  Bolef 'a 
result  (B3(  Iq.f)  with  no  losses  in  either  the  quarts  or  the  coating. 

The  enact  equation  1st 
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h  %]**  ““  [• 


where  Z  •  the  ratio  of  tho  shear-node  acoustic  Impedance  of  quarts  to 
that  of  tha  coat lag 

f  •  tha  frequency  of  tha  composite  raaonator 

f  •  tha  fraquancy  of  tha  uncoatad  quarts  crystal 
9 

n^  *  tha  aass  of  tha  coating  (film) 

a  *  tha  mss  of  tha  uncoatad  quarts  crystal 
q 

In  this  instance  tha  composite-resonator  fraquancy  (f)  depends  on  tha 
acoustic  lapedance  ratio  (Z)  as  wall  as  tha  mss  of  tha  applied  coating 


Tha  second  aquation  presented  by  Lu  and  Lewis  Is  tha  "period 
approxlMt Ion."  Whan  Z  -  1,  0r  whan  (nf/m^)<«l,  Eq.  hi  simplifies  to 


The  period  approxlMtlon  Is  adequate  (1<Z<2. 29)  for  fraquancy  deviations 
lass  that  about  SI  (BS). 

Also,  whan  a#/n  Is  smII,  f  has  nearly  tha  saM  value  as  f  .  Under  these 
i  q  q 

conditions  tq.Al  simplifies  to  tha  "frequency  approxlMtlon," 
a.  t-  f 


Tha  fraquancy  approxlMtlon  Is  United  to  a  deviation  of  about  21  <15)  . 
Once  a  particular  quarts  crystal  has  been  selected,  n^  and  f^  are  fixed. 
Then,  f  depends  only  on  the  aass  of  the  applied  costing,  tqs.  12  and 
12  show  this  stataMnt  Is  true  for  both  spproxlMte  nodal s,  but  Cq.  12  Is 
nonlinear. 


The  total  frequency  change  produced  by  the  coating  and  absorption  of 
water  was  lees  than  21  in  all  current  experlaents. 
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Diffusion  Theory 

The  theory  of  sorption  end  deeorptloa  la  thin  sheets  hss  been 
thoroughly  discussed  by  Crsnk  ( B6) •  The  basic  equation  describing  the 
process  is: 


i£  .  _  1» 

it  ix 


where  c  •  the  tflffutant  concentration  (wol/w?) 
N  •  the  dlffusant  flux  (aol/a**a) 
t  •  the  tiae  (s) 
x  -  the  linear  dimension  (a) 

If  the  flux  obeys  Tick's  first  law. 


(BM 


»  •  -  0  -j“  (B5) 

where  D  •  the  dlffusivlty  (a2/s) 

Eq .  BS  can  be  substituted  Into  Eq.g4  to  yield: 


iS  .  -2 

it  ix 


<B6) 


This  Is  the  basic  equation  of  diffusion  in  a  thin  sheet  and  is  equivalent 
to  Tick's  second  law  if  the  dlffusivlty  is  constant: 


is 

it 


D  -^4 

lx* 


<B7) 


In  general  the  concentration  depends  on  tine,  position,  and  the 
dlffusivlty,  as  well  as  the  boundary  conditions  of  a  particular  probleo. 
Solutions  of  Eqs.B6  end  g 7  have  been  given  for  s  variety  of  boundary 
conditions  and  diffusivities  (B6.B7).  Host  of  the  published  solutions 
require  knowledge  of  the  functional  fora  of  Che  dlffusivlty,  but  Crank 
end  fork  (U)  and  Crank  (M>  discuss  practical  ways  of  using  the  theory 
to  evaluate  the  dlffueivity  f row  sorption  and  desorption  isotherms. 
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On*  s«t  of  boundary  condition*  for  which  an  analytical  aolutlon 
of  Eq.87  1*  avallabl*  la: 

•  0  I  i  -  0.  t»0  (B«> 

c  •  0  f  0cx<t,  t  •  0 

c  «  cx  #  *  * ( ,  t>0 

Thaaa  boundary  conditions  represent  a  stop  change  in  aurfaca  concont rat  ion, 
at  x  •  t ,  at  tins  taro.  For  thaaa  coadltlona,  tha  dlffuslvity  la 
aaslly  determined  by  plotting  the  dimensionless  uptake  of  eorbate  (g^) 
versus  tha  square  root  of  tlaa. 

“  «t/H.  (B9) 

whare  •  tha  total  amount  of  sorbate  present  at  tins  t 
u 

-  •  tha  total  aaount  sorbed  at  long  times  (equilibrium) . 

M  •  f  c(x,t)dx  (BIO) 

1  .  o 

This  theory  is  equally  applicable  to  desorption  provided  and  Na 
represent  quantities  of  diffusant  lost. 

At  t  ■  0 


The  slope, dgtf/d *1  t ,1s  nearly  constant  for  *^<0.5  (gg,  p!6). 

It  is  also  easy  to  calculate  the  dlffuslvity  at  long  tine,  provided 
an  accurate  value  of  la  known.  At  long  tines 


3e  [to<l“j£>]  *  "T^*  (*ii 

If  both  Iga.llJ andfljsra  applied  to  a  single  sorpiton  experiment .  *  single 
value  of  the  dlffuslvity  should  bo  obtained.  If  this  is  not  found, 
the  dlffuslvity  Is  not  s  constant. 
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Apparatus 

tha  crystal  oscillator  apparatua  was  designed  to  subject  tha  coatad 
crystals  to  an  Isothermal,  step-change  In  ralatlva  hualdlty.  Tha  crystal 
and  tha  oscillator  wars  auspandad  Inslds  a  aetal  chaaber  mounted  Inslda  a 
Plaxlglas  box.  Tha  crystal  was  first  allowad  to  equillbrlate  with  tha 
ataosphara  lnaida  tha  lnnar  (aatal),  chaabar.  Than,  tha  lunar  chaabar 
was  opanad  and  tha  crystal  was  axpoaad  to  tha  ataosphara  In  tha  Plaxlglas 
box.  A  good  etap-change  In  ralatlva  hualdlty  was  raproduclbly  producad 
using  this  technique. 

Tha  "hualdlty  chaabar"  apparatus  la  Illustrated  In  Fig.  81.  Tha 
outer  chaabar  was  constructed  of  6.35  aa  thick  Plexiglas  and  was  Insulated 
with  3/4  in  thick  atryofoaa.  Tha  voluae  of  tha  outer  chaabar  was  15  liters. 
Tha  taaparatura  in  tha  box  was  controlled  with  a  VW»  #14370-030  proportional 
controller.  Tha  aaln  constanc-teaperature  bath  was  located  outside  tha 
box  and  water  was  circulated  froa  tha  bath  through  a  finned- tuba  hast 
exchanger  Inside  tha  box.  The  air  lnaida  tha  box  was  circulated  with  a 
fan.  Three  copper-conatantan  thermocouples  ware  used  to  aasaure  the 
teaperature  at  different  locations  In  tha  box.  The  aaxlaua  teaperature 
difference  between  the  different  locations  was  0.1*0,  and  a  long-term 
teaperature  fluctuation  of  0.5*C  was  observed. 

The  lnnar  chaabar  was  coaposed  of  two  parts:  a  movable  "cup,”  and 
a  stationary  "lid."  The  lid  was  attached  to  the  Plexiglas  box  with  a 
natal  bracket.  Tha  cup  could  be  raised  and  sealed  against  the  lid  to  fora 
the  Inner  chaaber,  or  lowered  to  open  the  chamber.  The  cup  was  aligned 
with  the  lid  by  a  Plexiglas  tube  attached  to  the  box.  Both  the  alignment 
tube  and  the  bracket  supporting  the  lid  were  perforated  with  holea 
i*10  aa  dlaa.)  to  allow  air  to  circulate  completely  around  the  Inner 
chaaber.  In  the  raised  position,  the  cup  was  supported  by  a  Plexiglas 
column  resting  on  a  closed  trapdoor.  Whan  the  door  was  opened  the  entire 
cup -col wan  asseably  could  be  removed  froa  the  box.  The  cup  and  lid 
wars  both  constructed  of  1  aa  chick  shoot  aetal.  The  cup  was  92  aa 
high  and  5)  m  in  disaster,  with  a  voluae  of  219  al. 
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Th«  oscillator  and  crystal  holdar  comprised  a  single  unit  which  was 
mounted  on  tha  lnalda  surfaca  of  tha  lid.  Tha  oscillator  was  a  "Digital 
Sensor  Head,”  #900010,  Sloan  Technology  Corp.,  Santa  Barbara,  Calif.  The 
oscillator  was  powered  by  a  1  V  regulated  supply  (Acoplan,  aodel  6E20D) . 

The  frequency  was  ■assured  with  a  General  Radio,  Model  1191  frequency 
counter  and  autoaetlcally  recorded  on  paper  tape  with  a  Datll,  aodel  DPP-Q7 
thermal  printer.  Only  tha  "Digital  Sensor  Read"  was  Inside  the  Plexiglas 
box.  The  circuit  dlagraa  of  the  electrical  connections  between  the  power 
supply,  the  oscillator,  and  the  frequency  counter  Is  shown  In  Fig.  R2.  A 
low-pass  filter  (Fig.  B2)  was  used  between  the  oscillator  and  the  frequency 
counter.  The  filter  was  not  a  necessary  part  of  the  circuit,  but  It 
reduced  the  effects  of  stray  capacitance. 

The  crystals  for  the  oscillator  were  purchased  from  Sloan  Technology 
Corp.  They  were  AT-cut  quarts  discs  12. 3  as  In  disaster  and  approximately 
0.33  aa  thick.  The  nominal  frequency  wee  3.0  MHx .  The  as-received  crystals 
had  been  coated  on  both  sides  with  a  thin  layer  of  aetal.  Tha  aetal 
provided  electrical  contact  with  the  crystal  as  It  rested  in  tha  holder. 
Crystals  with  either  gold  or  silver  coatings  were  usad.  Only  part  of  one 
surface  of  the  crystal  was  exposed  to  air  when  it  was  In  the  holder.  The 
exposed  surface  was  visible  through  u  1,0  ■  dlaaeter  hole  In  the 
crystal  holder. 

Procedure 

The  first  step  In  the  procedure  was  to  record  the  base  frequency  (f  ) 

9 

of  the  uncoated  crystal  la  "dry"  air  at  31*C.  Calc lua  sulfate  (Drlerlte) 
desiccant  was  used  to  maintain  dry  conditions.  Several  of  the  crystals  ware 
also  weighed  on  a  Cahn.  aodel  gram- 1301,  electrobalance,  with  a  repro¬ 
ducibility  of  tlO  ug.  The  base  frequencies  (f  )  and  base  weights  (w  )  were 

9  9 

■assured  at  least  three  tlass  for  each  crystal. 

After  the  base  data  had  been  obtained,  the  crystals  were  prepared  for 
painting.  The  crystals  wars  fist  only  on  one  face.  The  other  face  was 
slightly  convex.  Lu  and  Lewis  (B3)  used  slallar  crystals  to  confirm  the 
acoustic  resonator  theory.  Teste  shewed  that  the  crystal  could  oscillate 
with  the  greatest  aaes  attached  to  the  fist  side.  Masks  were  usnd 
to  produce  uniform-disaster  paint  spots  which  were  centered 
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on  the  flat  aid*  of  tha  crystal.  Tha  nasks  wart  cut  f roa  plastic 
electricians  tape  with  a  cork  boro.  Varloua  apot  d tana tar*  war*  taatad, 
but  5.8  an  mi  standard.  Tha  individual  spot  disasters  wara  datarninad 
by  averaging  at  laast  sis  naasuraaants  of  tha  diaaMtar  (iO.l  as)  aada 
with  a  natal  rula.  Tha  paint  was  appliad  to  tha  crystals  with  a  l  il 
pipat.  Diffarant  coating  tbicknaaaas  wara  achiavad  by  diluting  tha  paints 
with  tha  appropriata  sol van t  prior  to  application.  Tha  coatings  war* 
allowed  to  dry  for  aavaral  days  at  anbiant  conditions.  Tha  avaraga 
laboratory  tanparatura  was  25*C  and  tha  avaraga  ralatlva  hualdity  about 
60*.  After  tha  coating  had  dried  tha  nask  was  rnnovod  by  soaking  tha 
crystal  in  an  organic  solvent.  Several  solvents  have  boon  used  but 
hexane  was  one  of  tha  bast.  It  dissolved  the  sticky  slda  of  tha  tapa 
and  had  no  apparent  affect  on  tho  coatings.  Tha  crystals  wara 
soaked  in  haxan*  for  tan  to  fifteen  nlnutas;  than  tho  nask  was  lifted 
off  with  a  pair  of  twaasaro.  Tha  nask  was  inspected  for  vlslbla 
traces  of  natal.  If  natal  flocks  war*  found  tha  crystal  was  considered 
defective.  Crystals  wara  also  classified  as  defective  if  any  trace  of  the 
nask  remained  lnbeddad  in  tha  paint,  or  if  any  part  of  tha  paint  becana 
detached  fro*  tha  crystal. 

After  tha  nasks  had  baan  renewed ,  the  crystals  were  rinsed  with 
hexane  and  dried  in  laboratory  air  for  at  least  several  hours.  The 
frequency  (f^>  was  than  neasurod  aftor  equilibrating  the  crystals  with 
a  dry  etaosphere.  The  crystals  were  also  weighed  (w  )  while  being 
desiccated. 

At  this  stage  the  palntod  c  ,stala  wars  ready  for  tha  diffusion 
expar laeacs.  The  crystals  ware  placed  in  the  holder  with  tha  paint  spot 
visible  through  the  hole.  The  bolder  was  than  attached  to  tho  rest  of 
tha  oscillator  essenbly,  and  oscillation  was  confined  with  tha 
frequency  counter  or  an  oscilloscope,  a  saturated  salt  solution  was 
placed  inside  the  cup,  and  the  cup  was  raised  to  seal  tho  inner  chanber. 
Desiccant,  *r  a  second  salt  solution,  was  placed  in  tha  outer  chanber 
which  was  than  sealed.  Thermocouples  were  used  to  determine  the  temper* 
acuras  in  bath  tho  inner  and  outer  chambers.  Khan  all  thermocouples  and 
the  frequency  had  attained  a  steady  state  the  printer  was  turned  on, 
and  tho  frequency  counter  was  adjusted  for  a  1  s  time  parted.  A  stopwatch 
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mi  Ititttd,  and  tha  cup  was  dropped  at  a  well-spec If lad  tint.  The 
frequency  (f)  waa  automatically  recorded  every  second  for  approxi¬ 
mately  100  aeconde.  Then  the  tine  period  waa  changed  to  ten  seconds. 
Frequency  measurements  were  continued  In  this  Banner  until  a  total 
elapsed  tine  of  300  seconds  had  paaaed.  Moat  experiments  had  reached  a 
"steady  state*'  In  300  seconds,  but  sons  were  extended  up  to  2  hrs.  total 
tlae. 


Each  crystal  was  tested  at  least  twice  for  each  step  change  in 
relative  hualdlty.  The  standard  procedure  wes  to  allow  the  "closed-cup" 
systea  16  hours  to  reach  steady  state.  The  first  experiment  was 
then  conducted.  When  this  experiment  was  complete  (usually  S  to  20 
■in.)  the  cup  was  raised  again  and  the  systea  was  allowed  to  stand 
for  about  7  hours.  A  second  experiment  was  then  conducted  as  before. 

The  frequencies  obtained  froa  the  two  experiments  were  coshered  at  each 
tine  Interval.  If  both  experlaenta  were  In  satisfactory  agreement,  the 
results  of  the  first  run  were  used  to  calculate  the  water  dlffuslvlty. 

Xf  the  experiments  did  not  agree  the  sequence  was  repeated. 
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APPENDIX  1 


Exporiaontol  Raoul to 
Wotor  Solubility 
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Tabla  Bl 

CP-PU9  Paint  Spaciaana  Uaad 
in  tha  Crystal  Oscillator  Apparatus 


Crystal 

Nuabar 

Paint 

Naas 

(■a) 

Paint 

Thicknass 

(pa) 

59 

0.263 

6.3 

90 

0.304 

7.3 

n 

0.293 

7.0 

73 

0.561 

13.9 

74 

0.276 

6.6 

75 

0.176 

4.2 

Tab la  62 

Solubility  of  Vstar  in  GP-PUI* 


Paint 

Thicknass 

(pa) 

Taap. 

Cc) 

Crystal 

Solubility 

(g-RjO/t-paln 

4.2 

31.1 

75 

1.79  E-2 

6.3 

31.6 

39 

1.66  E-2 

6.6 

31.3 

74 

2.06  E-2 

7.0 

31.9 

72 

2.05  t-2 

7.3 

31.6 

60 

2.16  E-2 

13.9 

31.3 

73 

2.41  E-2 

Avarsga 

2.06  1-2 

0 

(*0.22  1*2) 

•Tha  aguillbrlua  vapor  praasura  of  untar  la 
3. 52  kfa. 


Absorption  loo thorn  for  watsr  In  Cf-PUl  «C  J1.8°C.  Crystal  No.  59 


\ 
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Table  B3 


FP-PUR  Paint  Speclaens  Used 
in  the  Crystal  Oscillator  Apparatus 


Paint 

Paint 

Crystal 

Mass 

Thickness 

Nuabsr 

(MR) 

(*■) 

77 

.164 

4.0 

78 

.218 

5.3 

62 

.248 

6.0 

76 

.258 

6.3 

61 

.  370 

8.9 

Table  84 

Solubility 

of  Water  in  FP-PUR* 

Paint 

Crystal 

Solubility 

Thickness 

Te«p. 

CQ 

Nua&er 

(g-H^O/g-palnt) 

4.0 

32.0 

77 

2.55  x  10‘3 

5.3 

32.0 

78 

2.91  x  10~2 

6.0 

31.9 

62 

2.63  x  10~2 

6.3 

32.0 

76 

2.96  x  10-2 

8.9 

31.9 

61 

2.87  x  10"2 

4.0 

35.9 

77 

2.22  x  10“2 

5.3 

35.9 

78 

3.17  x  10”2 

6.0 

35.8 

62 

2.28  x  10~2 

8.9 

35.7 

61 

2.88  x  10"2 

4.0 

40.4 

77 

2.08  x  10'2 

5.3 

40.2 

78 

2.56  x  10"2 

6.0 

40.5 

62 

2.28  x  10*  2 

8.9 

40.3 

61 

2.33  s  10"2 

* 

Equlllbrlua  vapor  pressure  of  water 

Is  3.52  kPs. 
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Table  B5 

YP- Epoxy  Paint  Spaciaana  Uaad 
In  tha  Crystal  Oscillator  Apparatus 


Crystal 

Nuaber 

Paint 

Maae 

Paint 

Thickneaa 

(na) 

57 

.276 

5.6 

58 

.106 

2.2 

79 

.204 

4.1 

81 

.070 

1.4 

Table  16 

Solubility  of  Water  in  YP-Epoxy* 


Paint 

Thickness 

Teap. 

(*C) 

Crystal 

Nuaber 

Solubility 

(g-H20/g-paint) 

1.4 

30.5 

81 

1.98  E-2 

2.2 

30.7 

58 

8.90  E-3 

4.1 

30.1 

79 

1.43  E-2 

5.6 

30.7 

57 

1.25  E-2 

Average  1.39  E-2 
o  (+0.45  E-2) 


*  The  equilibrlua  vapor  praaaure  of  water  la  3.52  kPa. 
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Fig.  114.  IkaorftlM  Itothtra  for  water  in  YP-Epoxy  at  J0.7°C.  Crystal  No.  58 
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rt|.  Bit.  Absorption  loot  hern  for  water  In  YP- Epoxy  at  30.  7"C.  Crystal  No.  J7. 
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Tabla  17 


Water  Dlffualvity  In  F9-9U1 
Cryatal  #77,  0.16*  ag  of  Faint 
Thlcknaaa  •  *.0  ua 


1010  *  Olffualvlty 

(c»2/») 

Relative 

Huaidity 

Rang* 

(*) 

Taaperature 

fC) 

Data  of 
Experiment 

26.* 

0  -  81.7 

30.9 

4/13/83 

29.6 

0  -  28.* 

31.2 

5/18/83 

25.8 

27.9  -  55.1 

31.7 

6/1/83 

15.6 

5*. 8  -  76.1 

31.9 

6/16/83 

12.6 

76.1  -  93.7 

31.5 

6/29/83 

36.1 

0  -  27.1 

35.2 

8/11/83 

32.6 

26.1  -  53.9 

35.6 

8/*/83 

24.1 

53.7  -  75.7 

35.7 

7/22/83 

16.1 

75.6  -  92.8 

35.5 

7/20/83 

50.2 

0  -  25.8 

39.1 

8/22/83 

33.3 

25.8  -  53.0 

38.8 

8/29/83 
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Table  B9 

Water  Dlffualvlty  la  FP-WR 
Crystal  *62,  0.248  ag  of  Paint 


Thickness  •  6.0  ua 


10*®  s  DlffuSlvity 

Relative 

Hualdlty 

Range 

Teaperature 

Date  of 

Exper leant 

(c»2/s) 

«) 

CC) 

43.1 

0  -  61.9 

29.3 

9/13/83 

38.9 

0  -  28.4 

31.2 

5/16/83 

45.5 

27.8  -  55.1 

31.9 

6/7/83 

28.8 

54.8  -  76.1 

31.8 

6/13/83 

27.7 

76.1  -  93.7 

31.2 

7/3/83 

60.5 

0  -  27.0 

35.3 

8/12/ 83 

68.0 

26.7  -  53.9 

33.5 

8/3/83 

44.2 

53.7  -  75.6 

33.7 

7/25/83 

36.2 

75.6  -  95.8 

33.3 

7/15/83 

75.5 

0  -  25.8 

39.1 

8/17/83 

75.5 

25.8  -  53.0 

38.8 

8/31/83 

Table 

BIO 

Water  Diffuslvlty  la  FT-fUl 
Crystal  *76,  0.238  at  of  Paint 

Thickness  • 

6.3  wa 

10*®  x  Dlffualvlty 

Relative 

Hualdlty 

Range 

Teaperatura 

Date  of 
txperlaent 

tea2/*) 

CU 

CO 

36.3 

0  -  81.7 

30.7 

4/14/83 

33.1 

0  -  28.4 

31.3 

3/17/83 

36.6 

27.9  -  35.0 

31.9 

6/6/83 

22.3 

34.8  -  76.1 

31.9 

6/13/83 

20.9 

81.3  -  93.7 

31.4 

6/30/83 

29.1 

73.8  -  92.8 

33.9 

7/18/83 
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Table  Ml 

Veter  Dlffuslvlty  in  FF-FUR 
Crystal  #61,  0.370  «t  of  Faint 
Thickness  •  1.9  va 

..  Relative 

lO10  x  Dlffuslvlty  Humidity  Teayerature  Date  of 

Rente  Experiment 


c»/a) 

LX) 

CC) 

39.  A 

0  -  11. 3 

29.3 

9/10/92 

34.4 

0  -  29.3 

31.4 

5/9/93 

40.3 

27.9  -  35.1 

31.9 

6/9/93 

34.7 

34.9  -  76.0 

31.9 

6/10/93 

32.4 

76.1  -  93.6 

31.5 

7/6/93 

34.9 

0  -  26.9 

35.9 

9/15/93 

64.4 

26.9  -  34.0 

35.3 

9/1/93 

54.0 

33.9  -  73.7 

33.2 

7/29/93 

43.6 

73.6  -  92.9 

33.2 

7/14/93 

73.5 

0  -  23.9 

39.1 

9/16/93 

73.3 

23.6  -  32.9 

39.9 

9/2/93 
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Table  112 

Water  Diffuaivlty  in  CP-PUR 


X  10*10 

cm2/*) 

Relative 

Humidity 

Range 

(XI 

Temp. 

CO 

Date 

Cryetal 

23.6 

0  -  32.7 

31.3 

10/28/83 

73 

15.3 

3A.6  -  35.2 

31.2 

10/31/83 

75 

10.0 

59.2  -  76.5 

29.6 

11/16/83 

75 

10.9 

80.1  -  9A.0 

30.0 

11/18/83 

75 

29.3 

0  -  32.8 

31.1 

10/19/83 

59 

19.3 

3A.3  -  33.2 

31.2 

11/9/83 

59 

9.7 

58.1  -  76. A 

31.3 

11/10/83 

59 

7.9 

76. A  -  94.1 

30.2 

1/17/86 

59 

31.2 

0  -  32.8 

31.1 

10/26/83 

76 

30.3 

3A.6  -  33.3 

30.9 

11/1/83 

76 

27.9 

38.1  -  76.3 

31.2 

11/16/83 

76 

10.7 

81.0  -  9A.2 

29.6 

11/22/83 

76 

27.2 

0  -  32.9 

31.3 

10/26/83 

72 

13.9 

3A.A  -  33.3 

31.0 

11/ 3/83 

72 

10.8 

57.8  -  76. A 

32.1 

11/16/83 

72 

9.9 

76. A  -  9A.0 

30.0 

1/11/86 

72 

31.9 

0  -  32.7 

31.3 

11/21/83 

60 

21. « 

3A.S  -  53.5 

31.1 

11/8/83 

60 

8.3 

57.8  -  76.1 

31.3 

11/11/63 

60 

S.S 

76.3  -  96.1 

29.9 

1/17/86 

60 

30.9 

0  -  36.6 

31.2 

10/25/83 

73 

19.6 

36.2  -  36.8 

31.6 

11/3/83 

73 

26.1 

37.6  -  76.3 

31.0 

11/15/83 

73 

19.6 

76.5  -  9A.0 

30.6 

11/28/83 

73 

10C 
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Table  813 

Water  Dlffualvlty  In  YP- Epoxy 


1010  x  Dlffualvlty 
(cm2/ a) 

Relative  Humidity 

Range 

Teap. 

Cc 1 

Date  of 
Experiment 

Cryatal  Number 

78.44 

0-36 

29.7 

2/17/84 

57 

50.84 

34-56 

30.5 

2/7/84 

57 

31.33 

55  -  76 

30.9 

2/3/84 

57 

17.44 

76  -  94 

29.8 

1/19/84 

57 

70.22 

** 

r*> 

1 

O 

30.3 

2/16/84 

58 

10.47 

34  -  55 

30.8 

2/8/84 

58 

6.74 

56  -  76 

30.6 

2/3/84 

58 

2.87 

76  -  94 

29.7 

1/23/84 

58 

64.68 

0-32 

26.7 

2/21/84 

79 

23.41 

33  -  56 

29.1 

2/10/84 

79 

7.09 

55  -  76 

31.2 

2/1/84 

79 

4.42 

76  -  92 

30.0 

1/24/84 

79 

4.75 

0-33 

28.3 

2/13/84 

81 

2.76 

34-56 

29.3 

2/13/84 

81 

1.25 

56  -  76 

30.6 

2/2/84 

81 

0.92 

76  -  99 

30.1 

1/26/84 

81 
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Washington.  DC  20234 
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(KMD-9321) 

Ukahvrat,  BJ  00733 

Naval  Air  Bans rk  Paalllty  (340)  .  1 
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DlSTKItOTlON  LIST  (coat) 


Naval  Air  kwork  Facility 
Naval  Air  Statloa 
Norfolk,  VA  23511 

Naval  Air  kwork  Facility 
Naval  Air  Statloa 
Fanaacola,  FL  32306 

Naval  Air  kavork  Facility 
Naval  Air  Statloa 
*an  01*10,  CA  92 133 


Naval  Air  Statloa 
( AI  KLANT-326A) 
Norfolk,  VA  23511 


Naval  Air  Statloa  . 

(AlkP AC-7412) 

North  lalond,  San  Dlago,  CA  921)3 


Naval  Air  Syataaa  Com 
(AIS-)IOA,  AI1-3304D) 
Washington,  DC  20361 


Naval  Cooatructloa  Battalloa  Cantor  ,  .  . 
<L32) 

Port  H  laaaaa.  CA  9)043 


Naval  Facllitlaa  Cxi  glnaa  ring  Coaaand 
(041)) 

200  Stovall  Straat 
Alexandria,  VA  22332 


Naval  laaaarch  Laboratory  . 
(6120,  6123,  6124) 

4333  Ova r look  Avaaaa 
Uaahlngton,  DC  20373 

Naval  Saa  Syataaa  Cnaaaad 

(0311,  03M1) 

UaaMagtaa,  DC  20362 

Offlca  af  Naval  Naaaarek 

(471) 

100  Narcli  Qaiaay  Straat 
Arllagtaa,  VA  22217 

Waraat-lckklaa  Air  Lagiotica 
OOffftC,  MNO 
tokkiao  AH,  OA  31096 


No.  of  Coylaa 


